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Abstract 

Whilst the adoption of additive manufacturing (AM) of aluminum alloys is relatively 

slower compared with that of steels and titanium alloys, it has undergone a flourishing 

trend in the past 15 years. Significant progress, such as the development of novel 

processes, novel alloys, novel heat treatment profiles, and applications, has been made 

through the combined efforts from academic and industry fields. This state-of-the-art 

review presents a detailed overview of the process technology, microstructure, and 

properties of different aluminum alloys and aluminum matrix composites fabricated 

using various additive manufacturing technologies, including laser powder bed fusion, 

electron beam powder bed fusion, laser powder direct energy deposition, wire arc 

additive manufacturing, binder jetting, and additive friction stir deposition. The pros 

and cons of each technology in fabricating aluminum alloys are evaluated. As the 

dominant additive manufacturing technology for aluminum alloys, an emphasis is put 

on the laser powder bed fusion technology by reviewing the effect of various factors, 

such as post-heat treatment, powder feedstock, oxidation, and element evaporation, on 

the microstructure and properties. We close the review with the outlook listing the 

remaining challenges associated with the additive manufacturing of aluminum alloys.  
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1. Introduction 

Additive manufacturing (AM) technology can be utilized to incrementally construct, 

layer-by-layer, the three-dimensional (3D) parts controlled by a computer-aided design 

(CAD) file [1]. Since its inception, AM is widely regarded as a new paradigm for 

producing high-performance structural components thanks to the fabrication 

advantages it offers, such as near-net-shape forming, design freedom, shorter lead times, 

lower buy-to-fly ratio, and minimum post-processing steps [1]. As a result, it promises 

to redefine the manufacturing industry with broad application potential in the aerospace 

fields [2]. Consequently, it attracts considerable interest, as evidenced by the increasing 

number of publications on AM during the last 15 years [3-6]. The metallic AM process 

can be regarded as a multiple-welding process, and thus, the procedures used during 

welding may also be applied for it [7]. Similar to the welding process, these 

technologies can be divided into melt-based AM and solid-state AM, depending on 

whether the feedstock materials undergo melting during joining of the adjacent layers 

[8]. For melt-based AM, the feedstock materials experience melting and solidification 

with the heat sources provided either by a laser beam, an electron beam, or an arc. 

Comparatively, solid-state-based AM joins the adjacent layers through sintering or 

mechanical bonding. The detailed classification of these two categories of AM methods 

will be described in Section 2.  

 

As the second most used structural alloys after steels, aluminum (Al) alloys have played 

a significant role in the aerospace industry, the initial adopter of AM technology, due to 

their low density and excellent combination of properties [9,10]. Up to now, both melt-

based and solid-state AM technologies have been employed to fabricate Al alloys. As 

for the melt-based AM technology, the adoption of Al alloys is relatively slow due to 

the following perspectives: (1) Al alloys are easy to cast into complex-shaped 

components via conventional casting or produced using wrought methods, unlike Ti 

alloys and nickel-based superalloys, which are associated with poor formability [11]; 
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(2) the inherent disadvantages of Al powders, such as the formation of surface oxide, 

poor spreadability, and moisture absorption make them ill-matched for melt-based AM 

[11,12]; (3) the poor weldability for some high-strength Al alloys makes them not 

ideally suited for melt-based AM, as hot cracks form during AM [10]. Taking the typical 

melt-based AM technology, laser powder bed fusion (L-PBF), for example, the number 

of publications on Al alloys is fewer compared with those on Ti alloys and steels 

[13].The total publications on L-PBF steels, Ti alloys, and Al alloys are 1305, 1154, 

and 822, respectively, from 2009 to 2019 [13]. For sintering-based solid-state AM, the 

processing of Al alloys is challenging since a controlled atmosphere with low oxygen 

and vapour partial pressure is needed for preventing oxidation and enhancing the atomic 

diffusion during sintering [8]. Comparatively, mechanical deformation-based solid-

state AM is more frequently adopted to process Al alloys due to their ductile 

characteristics [8].  

 

Even with the abovementioned drawbacks, the AM of Al alloys has attracted increased 

interest from the industry due to the excellent properties that Al alloys provide and the 

fabrication advantages that AM offers. It has now evolved from prototyping to 

production technology, and production is predicted to overtake prototyping around 

2027 (Fig. 1a) [14]. Likewise, the demand for AM-specific aluminum alloys is 

predicted to overtake that of the die-cast aluminum alloy by 2028 (Fig. 1b) [14]. 
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Fig. 1. Demand for aluminum alloys with year from 2017 to 2028 [14]. (a) 

Aluminum alloys for additive manufacturing (AM) part prototyping and additive 

manufacturing part production. (b) Die-cast and AM-specific Al alloys.  

 

This review focuses on the AM of Al alloys and Al matrix composites (AMCs) via six 

different AM technologies, including fusion-based L-PBF, wire-arc additive 

manufacturing (WAAM), electron beam powder bed fusion (EB-PBF), laser powder 

direct energy deposition (LP-DED), sintering-based binder jetting (BJ), and solid-state-

based additive friction stir deposition (AFSD). The pros and cons of each technology 

are presented in Section 2. Fig. 2(a) shows the statistical number of publications on the 

AM of Al and Al alloys based on L-PBF, WAAM, LP-DED, EB-PBF, and AFSD 

according to a survey of a total of about 2200 publications from 2006 to 2022. Since 

there is only one publication on the BJ of Al [15], it is not included in Fig. 2. There is 

an increasing trend of publications, especially after the year 2016, signifying the 

booming research in this field over the past five years. Among the various AM 

technologies, the L-PBF of unalloyed Al and Al alloys constitutes the largest portion, 
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while the processing of unalloyed Al and Al alloys via WAAM, EB-PBF, LP-DED, BJ, 

and AFSD is limited. The dominant role of L-PBF is also reflected by its high market 

share in the metal AM market. The revenue market share of L-PBF is 85% among the 

metal AM share in 2019 [16]. In terms of the Al alloy systems, the AM of Al‒Si alloys 

takes the largest portion at 57.47% (Fig. 2b). 

 

Fig. 2. Evolution trend and pie chart of publications on additive manufacturing 

aluminum alloys from year 2006 to 2022. (a) Number of publications on aluminum 

and aluminum alloys fabricated via additive manufacturing, including laser powder bed 

fusion (L-PBF), electron beam powder bed fusion (EB-PBF), laser powder direct 

energy deposition (LP-DED), wire-arc additive manufacturing (WAAM), and additive 

friction stir deposition (AFSD). (b) Research publications on additive manufacturing of 

various aluminum materials, including Al, Al‒Si, Al–Cu, Al–Mn, Al–Mg, Al–Mg–Si, 

Al–Zn, and Al matrix composites (AMCs). The data is based on research publications 

from Web of Science, ScienceDirect, and Springer. 

 

Since the AM of Al alloys is a fast-evolving field with flourishing interest, especially 

considering the growing demand and trend towards larger batches of industrial 

production [14], it is necessary to assess our understanding and recent progress 

regarding the AM of Al alloys. As a result, a number of review papers discussing the 

progress of the AM of Al alloys have been published since 2015 and some of these are 
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listed in Table A. 1 in the Appendix. However, these reviews generally focused on a 

specific AM technology, especially L-PBF, while fabrication of Al alloys via other AM 

methods, such as EB-PBF [17], LP-DED [18], WAAM [19], BJ [15], and AFSD [20], 

are seldom mentioned. The present review article discusses the abovementioned six 

technologies from the following perspectives that should be of interest to AM 

specialists and metallurgists, and especially to researchers on the AM of Al alloys. 

Firstly, six different AM technologies instead of a specific technology are covered. The 

pros and cons of each technology, as well as the challenges, are discussed. Secondly, 

since the AM of Al alloys is undergoing a fast evolution in both academic and industrial 

fields, it is necessary to review current developments. Recent progress from industrial 

fields, such as the novel AM-specific Al compositions and industrial components, is 

reviewed, which is seldom mentioned in other reviews. After presenting the 

classification of AM technologies (Section 2) and Al alloys (Section 3), Sections 4 and 

5 review the recent progress in the AM of Al alloys in detail. The microstructure and 

properties of unalloyed Al and Al alloys fabricated via each technology are described 

and inter-compared. Emphasis is put on L-PBF unalloyed Al and Al alloys, since this 

technology comprises the largest portion (Section 4). Section 5 presents the recent 

progress of fabricating unalloyed Al and Al alloys via other AM technologies, including 

LP-DED, EB-PBF, WAAM, BJ, and AFSD. As an important supplement to the 

unalloyed Al and Al alloys, Section 6 updates the fabrication of AMCs via AM. The 

AM-fabricated Al products are listed in Section 7. Finally, the conclusion of the review 

paper and the outlook for developing Al alloys via AM technology are presented in 

Sections 8 and 9, respectively.  

2. Process description of additive manufacturing technologies 

2.1 Classification 

Metal AM techniques can be categorized into melt-based and solid-state-based ones 

(Fig. 3) depending on the layer bonding method and consolidation mechanism [8]. The 
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melt-based methods rely on material bonding by local melting while the materials 

remain solid during the solid-state AM process even though some fraction of liquid-

phase formation occurs during the consolidation stage. The melt-based AM processes 

include PBF, LP-DED, and WAAM techniques [8,21]. Depending on the primary heat 

source, PBF can be further divided into L-PBF and EB-PBF [1]. These four melt-based 

AM technologies for fabricating Al alloys and Al matrix composites will be reviewed 

here. Solid-state AM techniques can be categorized into sintering-based and mechanical 

deformation-based ones. Sintering-based solid-state AM provides the driving force for 

material bonding through thermal energy, which can be categorized into three methods, 

BJ [22], metal extrusion (ME) [23], and screen or stencil printing (SP) [24]. Up to now, 

sintering-based AM has been adopted to fabricate steel, Inconel alloy, Cu, and ceramic 

components [25], yet the fabrication of Al alloys using this method is relatively 

unexplored [8]. This is due to the extremely low oxygen content and water vapour 

partial pressure required for sintering highly reactive Al alloys. However, ExOne and 

the Ford Motor Co. recently successfully printed an Al6061 alloy with high 

densification and comparable mechanical properties relative to those fabricated via 

traditional methods [26]. This breakthrough indicates that the BJ can potentially 

fabricate Al alloys for industrial applications in the future. Therefore, it is briefly 

reviewed in the present paper even though there is presently only one publication on 

this method. Compared with sintering-based solid-state AM, mechanical deformation-

based AM employs kinetic energy to facilitate the bonding between layers. Depending 

on the method employed for the kinetic energy delivery, the mechanical deformation-

based AM can be divided into ultrasonic AM (UAM) [27], AFSD [28], and cold spray 

(CS) [29] techniques. UAM and CS technologies only involve deformation around the 

interface or particles contact regions, while AFSD involves deformation of every voxel 

of the feed materials [28]. Furthermore, CS technology often results in porosity and 

micro-cracks due to incomplete bonded interfaces, which deteriorates the mechanical 

performance [30]. While these three solid-state deformation-based technologies have 

been used to fabricate Al alloy components, prior investigations have indicated that 

AFSD is the only AM technology that could result in components with mechanical 
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performance comparable to that of wrought counterparts [28]. Hence, we only focus on 

AFSD here. 

 

Fig. 3. Classification of additive manufacturing processes based on material 

bonding methods [8]. This review only covers laser powder bed fusion (L-PBF), 

electron beam powder bed fusion (EB-PBF), laser powder direct energy deposition (LP-

DED), wire-arc additive manufacturing (WAAM), binder jetting (BJ), and additive 

friction stir deposition (AFSD).  

2.2 Characteristics of additive manufacturing technologies 

This section describes the basic principles of the L-PBF, EB-PBF, LP-DED, WAAM, 

BJ, and AFSD technologies. Schematic diagrams illustrating the principles of each 

technology and processing characteristics, including the advantages and limitations, are 

presented in Fig. 4. 
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Fig. 4. Schematic graph and processing characteristics of the additive 

manufacturing (AM) technologies. Wire-arc additive manufacturing (WAAM) 

[31,32], binder jetting (BJ) [22,33-35], laser powder bed fusion (L-PBF) [1,32,36,37], 

laser powder direct energy deposition (LP-DED) [1,38,39], electron beam powder bed 

fusion (EB-PBF) [37,40-42], and additive friction stir deposition (AFSD) [8,43].  
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The inception of WAAM can be traced back to 1925 when the first patent was filed [44]. 

During the WAAM process, the following subsystems are involved [45]: (1) a torch to 

deposit the wire based on the heat input; (2) a positioning system to follow the path of 

geometry; (3) a teach pendant to control the positioning system; (4) a wire feeder to 

control the deposition of material. (5) an ancillary equipment to supply the shielding 

gas. The advantages of WAAM include: (1) low capital investment and the components 

of a WAAM can be derived from open-source equipment [46]; (2) a high deposition 

rate. The deposition rate of WAAM can reach up to 2500 cm3/h [32], which is much 

higher than that of LP-DED (~300 cm3/h) [38]. 

 

BJ, developed by MIT and patented by Emanuel Sachs [22], normally includes several 

processing steps: (1) A layer of powder is spread and joined into the desired shape with 

the binder. The printed area is lowered by the pre-set Z value, and the subsequent layer 

is uniformly spread. The process is repeated till the part is printed. (2) The powder bed 

is cured at about 200 °C to strengthen the printed green part. (3) The printed green part 

is transferred to a furnace to remove the binder, and a high-temperature sintering 

process under controlled conditions is used to obtain the final parts. The advantages of 

BJ include the following: (1) Since it does not involve fusion, virtually any powder 

material may be sintered. It can potentially have the widest selection of materials of all 

AM processes [47]. (2) Printing is conducted at room temperature and atmospheric 

pressure, thus, oxidation, residual stress, and elemental segregation are minimized. (3) 

Higher production rates and larger volume can be achieved relative to those of other 

AM technologies. (4) BJ can be utilized to fabricate porous structures. However, BJ 

also has some of the following disadvantages: (1) post-processing is needed to densify 

the samples, (2) Densification normally leads to the distortion of the geometry, and (3) 

Higher surface roughness and lower dimensional accuracy relative to those of PBF 

counterparts.  

 

L-PBF technology, developed in 1995 in Fraunhofer [48], selectively melts the spread 

powders pass-by-pass and layer-by-layer using a laser as the heat source in an inert 
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chamber [1]. As the most versatile form of metal printing technology, L-PBF boasts the 

merits of high resolution, printing fine feature sizes, and almost no limitation on design 

freedom [49]. However, it also suffers from a slower building rate. 

 

LP-DED, invented by the Sandia National Laboratories [50], relies on the feeding of 

powders into the melt path created by a laser beam to fabricate the material layer-by-

layer. Shielding gas is normally adopted to protect the molten metal from oxidation. 

The advantages of LP-DED include the following: (1) higher deposition rates and 

enabling larger components relative to L-PBF; (2) coarser powders can be used relative 

to L-PBF, which can provide cost and safety advantages; (3) more capable of repairing 

relative to L-PBF; and (4) the capability to fabricate components with multi-materials 

or functionally-graded-materials (FGM). The limitations of LP-DED include lower 

dimensional accuracy and higher surface roughness relative to L-PBF. To pave the way 

for applications when larger components are needed, the LP-DED of Al alloys is 

reviewed in the present work. It should be noted that wire-based DED-WLAM has also 

been applied to fabricate Al alloys when the feedstock materials are in the form of wires 

[51]. Here, we only focus on LP-DED with powder as the feedstock material.  

 

The working principle of EB-PBF, commercialized in 2001 by Arcam [52], is similar 

to that of L-PBF, except that an electron beam is used as the heat source to selectively 

melt the powders within a vacuum chamber [53]. The substrate is normally preheated 

during EB-PBF, which can effectively reduce the build-up of residual stresses in the 

fabricated part. Furthermore, EB-PBF is performed under vacuum conditions, which 

can reduce the oxidation of the alloy. This feature is especially beneficial for oxygen-

sensitive materials, such as Al and Ti alloys. Finally, the powder size and layer thickness 

used for EB-PBF are larger than those in L-PBF, resulting in a higher deposition rate. 

However, the surface roughness of EB-PBF printed parts is generally higher than that 

of L-PBF parts.  

 

AFSD technology was patented by the US-based MELDTM Manufacturing Corporation 



 

15 
 

[54]. The notion of AFSD arises from friction stir welding (FSW) developed at The 

Welding Institute (TWI) in the UK as a solid-state joining technique [55]. The solid-

state AFSD relies on forcing a feedstock material, either in the form of a rod or powders, 

through a hollow, non-consumable rotating tool against a substrate [56]. The friction 

generated by the rotation between the forced feedstock and the tool generates sufficient 

heat to soften the feedstock to accommodate the high shear and severe plastic 

deformation to metallurgically bond the substrate and the subsequently deposited layers 

[56]. The advantages of AFSD include: (1) compared with the L-PBF, EB-PBF, and LP-

DED techniques, AFSD allows for a higher deposition rate, which can reach 1000 cm3/h 

for the Al alloys [43]; and (2) the volume of the built part is not size-limited, since no 

vacuum or environment is needed for the printing process. In contrast, AFSD 

technology shows the limitations of building complex parts with small feature sizes.  

3. Classification of aluminum alloys 

According to the ASTM standards, Al alloys can be divided into two major groups, 

namely wrought alloys and cast alloys, depending on the manufacturing methods used 

[9]. Different nomenclatures have been employed to identify them. A four-digit notation 

is used to describe wrought alloys while a three-digit notation followed by a decimal 

value is adopted to describe cast Al alloys. Up to now, ~ 80% of the Al alloys adopted 

as structural materials have been wrought ones [57]. Furthermore, Al alloys can be 

labelled as heat-treatable or non-heat-treatable alloys, depending on the primary 

mechanism of property development. Heat-treatable Al alloys rely on thermal treatment 

to strengthen the alloy, while non-heat-treatable Al alloys depend on work hardening. 

Finally, Al alloys can be classified into various families based on their constituents. For 

example, the Al5xx.x (cast) and Al5xxx (wrought) alloys rely on Mg as the principal 

alloying element. The detailed classification of various cast and wrought Al alloys, 

including the strengthening mechanisms (Fig. 5a) and ultimate tensile strength range 

(Fig. 5b,c), is presented in Fig. 5. However, since the fabrication route of AM is 

different from that of conventional casting and wrought methods, the composition of 
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AM-specified Al alloys also undergoes modification, which makes it inappropriate to 

classify the AM-specified alloys into particular series of Al alloys. Furthermore, the 

novel composition and AM processing characteristics may alter the “heat-treatable” 

characteristics. A typical example is the Al‒Mg-based alloy, which is work-hardenable 

based on conventional processing methods. However, the addition of Sc and Zr in 

conjunction with the non-equilibrium processing manner make the L-PBF Al‒Mg‒Sc‒

Zr alloy heat treatable [11]. Thus, the traditional classification of Al alloys based on 

heat treatability does not work well for AM Al alloys. As a result, the Al alloy series are 

classified based on the major constituents in the present review, which include Al, Al‒

Cu, Al‒Mn, Al‒Si, Al‒Mg, Al‒Mg‒Si, Al‒Zn, Al‒Fe, Al‒Li, and Al‒Sn. 

 

Fig. 5. Classification of various classes of aluminum alloys. (a) Classification of 

aluminum alloys and their strengthening mechanism. (b) Ultimate tensile strength of 

various cast and wrought aluminum alloys. The information was based on Ref. [9,58-

60].  
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4. Fabrication of aluminum and aluminum alloys via laser powder bed 

fusion 

The fabrication of Al alloys via L-PBF constitutes the largest portion among the six 

different AM technologies discussed, and the number of publications on the L-PBF of 

Al alloys is increasing rapidly (Fig. 2). This signifies the extensive research interest 

driven by scientific issues as well as pushing the technology forward towards practical 

applications. This chapter begins with the introduction of defect control and 

microstructure of L-PBF Al alloys (Section 4.1). Subsequently, post-heat treatment 

procedures and their effect on the microstructure evolution (Section 4.2), mechanical 

properties (Section 4.3), and corrosion properties (Section 4.4) of L-PBF unalloyed Al 

and Al alloys are reviewed. In Section 4.5, the recent trends for developing high-

temperature Al alloys are reviewed. Then, the effect of powder feedstock and 

degradation on the microstructure and mechanical properties (Section 4.6), and 

oxidation and element evaporation (Section 4.7) for the L-PBF Al alloys are reviewed. 

Finally, the advantages and limitations of fabricating Al alloys via L-PBF are discussed 

(Section 4.8). The recent progress, limitations, and outlook are presented in both a 

qualitative and quantitative way.  

4.1 Defect control and microstructure 

This section reviews the microstructure of as-built unalloyed Al and Al alloys, including 

Al‒Si alloys, and moderate- and high-strength Al alloys (Al‒Cu, Al‒Mn, Al‒Mg, Al‒

Mg‒Si, and Al‒Zn). For the unalloyed Al and Al‒Si alloys, microstructure analysis is 

the focus. For the moderate- and high-strength Al alloys, the strategies to overcome the 

cracks and corresponding microstructure are described. 

 

4.1.1 Unalloyed Al   

The unalloyed Al, viz. Al1xx.x and Al1xxx, contain 99.00% or higher purity Al. They 

are utilized in industry extensively due to their excellent corrosion resistance, and high 
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thermal and electrical conductivities. However, investigation on the AM of unalloyed 

Al is not actively pursued due to their low mechanical strength. To the best of the 

author’s knowledge, there are few papers reporting the microstructure of L-PBF 

unalloyed Al [61,62]. The as-built sample exhibits columnar grains along the build 

direction. Elementum 3d [63] and m4p material solution GmbH [64] have 

commercialized the L-PBF unalloyed Al powders. Al parts with a relative density 

higher than 99.5% can be fabricated.  

 

4.1.2 Pore formation and elimination of laser powder bed fusion Al alloys 

Due to their low freezing range and high fluidity, Al-Si alloys exhibit excellent L-PBF 

printability. However, inappropriate printing parameters can engender porosity as well, 

which can influence the yield strength, ultimate tensile strength, and especially, 

elongation [65]. Thus, it is critical to understand the pore formation mechanism and, in 

turn, to eliminate the pores to achieve high performance. To understand the pore 

formation mechanism, the conventional route is based on the post-analysis of spatial 

distribution and the morphology of pores for the as-printed samples and their 

relationship with the printing parameters [66]. 

 

Recently, with the aid of state-of-the-art in-situ X-ray imaging, the interaction between 

the laser and powders is recorded, from which the formation processes of pores and 

spattering were probed in real time [67-69]. Based on the in-situ X-ray imaging, six 

pore formation mechanisms were reported, namely the pore formation from feedstock, 

keyhole-induced pores, pore formation arising from the volatile substance or expansion 

from tiny trapped gas, pore trapped by surface fluctuation, pore formation due to 

depression zone fluctuation, and pore formation from a crack. Based on the in-situ x-

ray imaging of AlSi10Mg powders, three different domains, namely, the melt pool-laser 

interaction domain, the circulation domain, and the transition domain, were identified. 

In the laser interaction domain, the pores are eliminated by escaping from the melt pool. 

In the circulation domain, the pores circulate in the melt pool. In the transition domain, 

the movement of pores is irregular. Hojjatzadeh et al. [66] have proposed that the 
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thermocapillary force induced by the high-temperature gradient is the driving force for 

pore elimination. The online monitoring of pore formation can shed light on fabricating 

pore-free samples via L-PBF. 

  

4.1.3. Hierarchical microstructure of laser powder bed fusion Al‒Si alloys 

Among the various Al‒Si alloys [70], Al–12Si, AlSi10Mg, and AlSi7Mg0.6 (A357) 

alloys are the most extensively investigated due to their excellent fluidity, high thermal 

conductivity, and excellent printability. The eutectic composition of the Al-xSi alloy 

system consists of about 12.6 wt.% Si [71] with a eutectic temperature of 578.8 °C. Up 

to now, the hypoeutectic, eutectic, and hypereutectic Al–Si alloys have been processed 

with L-PBF [71]. The L-PBF hypoeutectic Al‒Si alloys (Al‒12Si [72], AlSi10Mg [73], 

and A357 alloys [74]) exhibited a hierarchical microstructure spanning a multi-length 

scale. At the macron-scale, micron-sized coarse columnar grains grow epitaxially with 

a <001> fibre texture along the build direction, and some equiaxed grains were 

observed in the melt pool boundary for L-PBF AlSi10Mg alloy [73] (Fig. 6a). At the 

sub-micron-scale, cellular structures with the boundary rich in Si were observed inside 

the coarse columnar grains (Fig. 6b-d) [75]. At the nanoscale, the Si particles formed in 

the interior of cellular structures (Fig. 6e) [76]. Moreover, the hierarchical 

microstructure is tuneable via modifying the printing parameters, such as the scanning 

speed, hatch spacing, and layer thickness. Lower scanning speeds engender larger cell 

sizes due to a faster cooling rate [77], while a smaller hatch spacing generates a high 

fraction of melt pool boundaries [78]. With an increase of layer thickness, the 

solidification morphology of the cellular structure and texture are altered due to the 

varied thermal gradient [79]. 
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Fig. 6. Hierarchical microstructure of as-built laser powder bed fusion AlSi10Mg 

alloy. (a) Electron backscattered diffraction and (b) Scanning electron microscopy 

image showing the cellular structure of the as-built AlSi10Mg alloys [73]. (c) High 

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) 

and (d) Energy dispersive spectrum (EDS) mapping of the cellular structure [75]. (e) 

High angle annular dark field (HAADF)/Energy dispersive spectrum (EDS) maps 

showing the nano-sized Si particles in the as-built AlSi10Mg alloy [76].  

 

Apart from the above three most studied Al‒Si alloys, the microstructure and 

mechanical properties can be further tailored via composition modification.  Si content 

plays a significant role in the printability, microstructure, and mechanical properties of 

L-PBF Al–xSi alloys (x = 0.5, 1.0, 2.0, 4.0, 12.6, and 16.0) [71]. Crack-free Al–Si 

samples were achieved for the Al–0.5Si, Al–4.0Si, and Al–12.6Si samples while Al–

1.0Si and Al–2.0Si samples exhibited cracks, which was explained by the hot crack 

susceptibility index. Si partitioning occurred for all the as-printed Al–xSi samples (Fig. 

7a-f), yet cellular structure with well-defined boundaries formed only when the Si 

content increased to 12.6% (Fig. 7e) and 16.0% (Fig. 7f). Furthermore, the average cell 

size decreases with increasing scanning speed due to a faster cooling rate at a constant 

laser power. Apart from Si content, novel AM specific Al‒Si alloys by tailoring Mg 

content were designed driven by high mechanical performance. Geng et al. [80] have 

developed an AlSi8.1Mg1.4 alloy with a higher Mg content relative to that of 

conventional casting alloys (Mg < 0.75 wt.%). The increased Mg content is mainly used 

to enhance the solid solution strengthening and trigger the formation of β'' phase after 

direct aging instead of the nano-sized Si particles for the AlSi10Mg alloys. The L-PBF 

AlSi8.1Mg1.4 sample exhibited a hierarchical microstructure consisting of fine grains 

along the melt boundary and coarse grains towards the centre of the melt pools (Fig. 

7g). The Guinier Preston (GP) formed in the cell interior of fine grains (Fig. 7h). 

Additionally, Si particles with sizes of 3–7 nm were observed (Fig. 7i). The above 

results indicate that the hierarchical microstructure of L-PBF Al alloys can be tailored 

in a broad range by modifying the process parameters and chemical composition. 
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Fig. 7. Microstructure of the laser powder bed fusion Al–Si alloys. (a-f) Scanning 

electron microscopy (SEM) images of Al–0.5Si, Al–1.0Si, Al–2.0Si, Al–4.0Si, Al–

12.6Si, and Al–16.0Si, respectively [71]. (g) Electron backscattered diffraction (EBSD) 

map of the as-built AlSi8.1Mg1.4 alloy [80]. (h) High-resolution lattice image and fast 

Fourier transform (FFT) image (inset) show the formation of nanosized Guinier-Preston 

(GP) zone [80]. (i) Atom probe tomography (APT) characterization of the distribution 

of Si and Mg in the as-built AlSi8.1Mg1.4 alloy [80].  

 

4.1.4 Crack formation of the laser powder bed fusion moderate- and high-strength Al 

alloys 

(i) Crack formation mechanism 

The L-PBF processing of moderate- (Al-Mg) and high-strength (Al–Cu, Al–Mg–Si, 

and Al–Zn) Al alloys remains challenging due to the formation of troublesome cracks 

[81], yet it has gained significant interest in recent years due to its applications in the 

aerospace industry. The crack phenomenon during L-PBF of moderate- and high-

strength Al alloys is usually associated with solidification shrinkage [82] and a 

relatively large freezing range [83]. The cracks include both hot cracks and cold cracks 

[84]. Hot cracking is thought to arise from shrinkage during solidification. At the final 

stage of solidification, the unstable and undercooled solute enriched melt produces 

interdendritic channels with a thin layer of liquid [83]. The hot cracks are usually 
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located along the grain boundary, while cold cracks arise from the propagation of hot 

cracks along vertical grain boundaries. To eliminate the cracks, extensive efforts have 

been made by tailoring the printing parameters [85], printing conditions (such as 

baseplate preheating) [86], composition modification [87], and inoculation treatment 

[10]. 

 

(ii) Process parameter optimization and the associated microstructure 

Printing parameter tailoring, such as the scanning speed and hatching space, was 

naturally the first solution proposed to heal cracks. Fig. 8 shows some examples of 

printing optimization for L-PBF moderate- and high-strength Al alloys via modifying 

scanning speeds while fixing other printing parameters. As for Al–Cu–Mg [88] (Fig. 8a) 

and Al5083 alloys [83] (Fig. 8b), the density and fraction of cracks decrease with lower 

scanning speeds. Crack-free samples were obtained at lower scanning speeds for Al–

Cu–Mg (5 m/min and 8 m/min) and Al5083 alloy (100 mm/s). However, the lowest 

scanning speed associated with excessive energy density leads to the formation of 

keyhole mode and large pores (Fig. 8b). The increased densification and crack healing 

with lower scanning speeds are due to the following mechanisms. Firstly, the relatively 

higher energy density with lower scanning speeds decreases the surface tension and 

improves the wettability of liquid metal. Furthermore, the higher laser energy density 

triggers the formation of liquid with low viscosity, which promotes liquid spreading. 

Finally, the longer dwelling time due to a lower scanning speed ensures fluidity to 

backfill the dendrite shrinkages [88]. For the L-PBF Al6061 (Fig. 8c), cracks formed 

irrespective of the scanning speeds, and spherical porosity evolved into irregular 

porosity with increasing scanning speeds [89]. For the L-PBF Al7075, the crack density 

decreases when lowering the scanning speed, yet the cracks cannot be eliminated (Fig. 

8d) [90], similar to that of Al6061. The crack healing with lowering scanning speeds is 

ascribed to the more significant evaporation of Mg and Zn, resulting in a lower crack 

susceptibility. Recently, crack-free Al–3.6Zn–0.6Mg alloy was fabricated via higher 

laser power and lower scanning speed [91], which is caused by the reduced pressure 

drop between two adjacent grains at lower scanning speeds. However, the composition 
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of as-printed samples is not given in their work, and the crack susceptibility of printed 

samples is unknown. Apart from the scanning speeds, hatching space was also adopted 

to tailor the printability of L-PBF high-strength Al alloys [81]. A smaller hatching space 

is beneficial for healing the cracks for the L-PBF Al‒Cu alloys, since the cracks initiated 

during previous scanning may be eliminated.  

 

Fig. 8. Optical micrographs of the laser powder bed fusion Al–Cu, Al–Mg, Al–Mg– 

Si, and Al–Zn alloys. (a) Al–Cu–Mg alloy [88]. (b) Al5083 alloy [83]. (c) Al6061 alloy 

[89]. (d) Al7075 alloy under different printing parameters [90].  

 

Apart from tailoring printing parameters, baseplate preheating is another method to 

improve the printability of the “difficult-to-print” alloys, taking advantage of reduced 

solidification undercooling and thermal gradient [86,92]. Crack-free Al6061 samples 

were printed via L-PBF when the powder bed temperature reaches 500 °C (Fig. 9a,b) 

[86], which is associated with reduced solidification undercooling. Preheating the 

baseplate can alleviate the cracks in L-PBF Al7075 (Fig. 9c,d) through decreasing the 

thermal gradient [92]. However, baseplate preheating is not universal for eliminating 
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cracks and cracks could not be eliminated for the Al7075 alloy [92]. In some cases, the 

baseplate heating could even deteriorate the printing quality by introducing longer 

cracks across the specimen and more porosity compared to those of counterparts 

without baseplate heating, such as for the L-PBF EN AW-2024 [93]. The higher fraction 

of porosity is ascribed to overheating. The formation of longer cracks is due to the fact 

that once a crack forms, it serves as a local stress accumulator to induce crack 

propagation [93].  

 

Fig. 9. Optical micrographs of laser powder bed fusion Al6061 and Al7075 samples. 

(a,b) Al6061 specimens fabricated on unheated powder bed and heated powder bed [86]. 

(c,d) Al7075 specimens fabricated without baseplate heating and with baseplate heating 

[92].  

 

(iii) Crack elimination via composition modification 

Relative to tailoring process parameters, composition modification is more frequently 

adopted to eliminate cracks. The purpose of composition modification is to decrease 

solidification crack susceptibility, enhance fluidity, or refine grains. The addition of Y 

particles can heal the cracks of L-PBF Al2024 due to the reduction of the brittle 

temperature range [87], which is the main reason for the decreased crack susceptibility 

[84]. The addition of Si has been well demonstrated to heal cracks of L-PBF Al7075 

alloy (Fig. 10a) due to enhanced fluidity [94]. On one hand, the addition of Si to the L-

PBF Al7075 alloy can refine the grains (Fig. 10b). On the other hand, the microalloying 

of Si reduces the melting temperature (enhancing the fluidity) and crack sensitivity by 

forming a low melting point eutectic phase for this alloy [94]. 
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Fig. 10. Crack elimination of laser powder bed fusion Al‒Zn alloys. (a) Optical 

micrographs and (b) Electron backscattered diffraction images of the Al7075 and Si-

modified Al7075 alloys [94].  

 

Apart from decreasing solidification crack susceptibility and enhancing fluidity, the 

grain refinement triggered via inoculation treatment is a more popular way to heal 

cracks [95-102]. The basic design concept of inoculation treatment is to introduce 

secondary particles, Al3X (X = Zr, Sc, Ti, and Nb), coherent with the Al matrix to refine 

the grains, which can prevent crack formation/propagation and enhance grain boundary 

strengthening. Compared with coarse columnar grains, fine equiaxed grains are 

beneficial for eliminating cracks for multiple reasons. The fine equiaxed grains made 

the crack propagation more tortuous as compared with the columnar grains. In addition, 

the fine equiaxed grains could increase the critical stress for hot-cracking and delay the 

onset of coherence of dendrites [96]. Fig. 11 shows representative examples of high-

strength Al alloy inoculation treated with additives, including Al2024 modified with Ti 

(Fig. 11a1,a2) [97], Al5083 modified with Zr (Fig. 11b1,b2), Al6061 modified with YSZ 

(Fig. 11c1,c2) [95], and Al7075 modified with Nb (Fig. 11d1,d2) [90]. Though the 

macroscopic grain refinement was observed for all the samples, the grain refinement 

efficiency is different. For the Ti (Fig. 11a1,a2) and Nb (Fig. 11d1,d2) inoculation-treated 

Al2024 and Al7075 alloys, they manifest full decoration of fine equiaxed grains. In 

contrast, the Zr˗ (Fig. 11b1,b2) modified Al5083 [83] and YSZ˗ (Fig. 11c1,c2) modified 
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Al6061 [95] consist of multi-modal grain size distribution, including coarse columnar 

grains and ultrafine equiaxed grains. 

 

Fig. 11. Grain refinement of laser powder bed fusion moderate- and high-strength 

aluminum alloys. Electron backscattered diffraction images of: (a1,a2) Al2024 and 

Al2024 + 0.7 wt. % Ti [97]. (b1,b2) Al5083 and Al5083 + 0.7 wt.% [83]. (c1,c2) Al6061 

and Al6061 + YSZ [95]. (d1,d2) Al7075 and Al7075 + Nb [90].  

 

As for grain refinement efficiency, Martin et al. [62] have proposed that the lattice 

match between the inoculants and Al matrix plays a significant role in influencing the 

grain refinement efficiency based on a series of inoculants, such as TiB2, α-Al2O3, Al3Ti, 

Al3Nb, and Al3Ta particles. The findings revealed that a lower lattice mismatch 

engenders a better grain refinement efficiency. The coherency between Al3Ti and Al 

matrix is shown in Fig. 12a,b1,b2. Apart from lattice mismatch, the grain refinement 

efficiency is also dependent on the fraction of inoculation-treated powders. A higher 

fraction of inoculation-treated powders provides richer nucleation sites for the 

heterogeneous nucleation of Al. A higher fraction of equiaxed grains formed with 

increasing YSZ content for the Al6061 alloy [95] and Nb content for the Al7075 alloy 

[90]. 

 

Specific to the heterogeneous microstructure with periodic columnar-to-equiaxed (CTE) 
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and equiaxed-to-columnar (ETC) transition, this is rationalized via heterogeneous 

solidification dynamics [101]. Along the melt pool boundaries, the relatively lower 

solidification front velocity can allow for the precipitation of Al3Zr particles, which 

trigger the formation of primary Al3Zr particles. However, when the solidification 

proceeds to the interior of the melt pools, the faster solidification front velocity leads to 

the solute trap of Zr into the matrix and inhibits the formation of Al3Zr particles. 

Without the primary Al3Zr particles in the interior of the melt pools, the columnar grains 

grow epitaxially. This theory has also been used to explain the multi-modal grain size 

distribution for the L-PBF Al–Mg–Zr alloy (Addalloy) [11] and AlZnMgCuScZr 

alloy [102]. For the L-PBF Al–Mg–Zr alloy [11], the existence of Al3Zr particles in the 

equiaxed grains and the disappearance of Al3Zr particles in the columnar grains (Fig. 

12c,d) support the explanation. Based on the multi-modal grain size formation 

mechanism, the factors that could influence the nucleation and growth of nucleates can 

affect the multi-modal grain size distribution. For instance, baseplate preheating [98], 

decreasing the hatch spacing [99], and laser remelting [100] can effectively lead to a 

higher area fraction of equiaxed grains. The enhanced volume fraction of equiaxed 

grains with baseplate heating is attributed to the reduced thermal gradient [98]. While 

the increased volume fraction of equiaxed grains associated with the decrease of hatch 

spacing [99] and laser remelting [100] is attributed to an increased remelting zone.   
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Fig. 12. Microstructure of laser powder bed fusion Al–Mg–Zr and Ti-modified 

Al2024 alloy. (a) High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) image presenting the microstructure of the laser powder 

bed fusion Ti-modified Al2024 alloy and the corresponding energy dispersive spectrum 

(EDS) maps of the constituent elements [97]. (b1,b2) High resolution transmission 

electron microscopy (HRTEM) image showing the interface and coincidence between 

the Al matrix and L12-Al3Ti particles. The inset shows the corresponding fast Fourier 

transform (FFT) pattern of the marked area [97]. (c) Scanning electron microscopy 

(SEM) image of the laser powder fusion Al–Mg–Zr alloy showing the nonuniform 

distribution of white-contrasted particles [11]. (d) Scanning transmission electron 

microscopy-energy dispersive spectrum (STEM-EDS) chemical maps of the precipitate 

in the fine-grain region [11].  

 

Due to the universal ability to eliminate cracks by grain refinement, the inoculation 

treatment design philosophy has induced the rapid development of novel AM-specific 

alloys, some of which have matured for industrial applications. Industrial AM-specific 
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Al alloys include the A20x (Al–4.5Cu–0.3Mg–0.7Ag–3.5Ti) alloy developed by the 

Aeromet [103], the Addalloy® [11], and A7A77.60 alloy [104] developed by the HRL 

laboratory. The most well-known alloy system is the Scalmalloy® (Al–Mg–Sc–Zr) 

developed by AP works [105]. However, the evaporation of Mg and the formation of 

spatters occurred during L-PBF of Scalmalloy®. To overcome this issue, variants of  

Scalmalloy® have been developed by replacing Mg with Cr or Ti, including the 

Scancromal alloy (Al–Cr–Sc–Zr), Scantital (Al–Ti–Sc–Zr), and Zicromal (Al–

Cr–Zr–Mn) alloys [106,107]. The surface of the as-printed Zicromal alloy and 

Scancromal alloy looks shiny, while the as-printed Scalmalloy® generated a black 

surface due to the evaporation of Mg and formation of magnesium oxide (MgO) (Fig. 

13a) [106]. Due to the different grain growth factor, Q (GRF), and a mismatch between 

the solute and Al matrix, the as-fabricated alloys exhibit different microstructures. For 

the Scalmalloy, the high GRF (16.3 K) and formation of Al3(Scx,Zr1-x) particles 

exhibiting little mismatch with the Al matrix engenders a bimodal microstructure 

consisting of coarse grains and ultrafine grains (Fig. 13b). However, with the addition 

of Cr, the GRF (2.0 K) together with the formation of Al11Cr2 or Al13Cr2/Al7Cr highly 

mismatched with the Al matrix for the Scancromal alloy resulted in epitaxial grain 

growth (Fig. 13b). For the Scantital, the high GRF value (18.4 K) and the formation 

of Al3Ti/Al3 (Sc,Zr,Ti) particles coherent with the Al matrix contribute to the formation 

of uniform equiaxed grains without preferred texture (Fig. 13b). 
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Fig. 13. Reflex camera image during laser powder bed fusion and electron 

backscattered scanning diffraction of laser powder bed fusion aluminum alloys. 

The reflex camera captured images during laser powder bed fusion process of (a) 

Zicromal®, Scancromal®, and Scalmalloy® alloys [106]. The arrows show the flow 

direction of argon. (b) show the electron backscattered scanning diffraction images of 

the laser powder bed fusion Scalmally®, Scancromal®, and Scantital® alloys [107].  

4.2 Post-heat treatment and microstructure evolution 

Due to the non-equilibrium processing characteristics during L-PBF, such as the 

extremely high cooling rate and thermal cycling, the L-PBF Al alloys normally tend to 

form a supersaturated solid solution with a hierarchical microstructure and generate 

residual stress. Thus, the post-heat treatment profiles need to be specifically designed 

for the L-PBF Al alloys instead of the conventional heat treatment profiles designed for 

cast or wrought Al alloys [108]. The heat treatment profiles normally consist of stress 

relief (SR) annealing [109], direct aging (DA) [110], and solution treatment (ST) 

followed by artificial aging (AA) in terms of STA [111]. The experimental procedures 

of SR and DA are similar, including maintaining the sample at a certain temperature for 

some time followed by cooling. The difference between the approaches is the 
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temperature. The SR of L-PBF Al alloys is usually conducted at about 300 °C for a 

couple of hours to release the huge residual stress [112], while DA is performed at a 

relatively lower temperature to induce precipitation by consuming the supersaturated 

solvent elements [113]. In consideration of the relaxed boundary between DA and SR, 

the single-step annealing is designated as DA. In contrast, the STA includes two steps, 

where ST is mainly used to dissolve the precipitates or intermetallics and artificial aging 

is used to induce the formation of finer dispersed particles. Some representative 

examples of the heat treatment effect on the microstructure evolution of L-PBF Al 

alloys are listed in Table A. 2 and are reviewed in detail.  

 

4.2.1 Al‒Si alloys 

For the Al‒12Si, AlSi10Mg, or Al‒7Si‒0.6Mg alloys, the conventional heat treatment 

profile includes two steps: ST followed by AA [108]. Extending this to the L-PBF Al‒

Si alloys, Li et al. [111] have found that the precipitation and coalescence of Si particles 

occur during ST of the L-PBF Al‒12Si alloy (Fig. 14a). The Si content of about 7 wt.% 

in the as-built state drops to about 2 wt.% quickly (5 min) and then to an equilibrium 

content of about 1.6 wt.% when further solution treated (30 min, 2 h and 4 h) (Fig. 14a). 

Meanwhile, the Si particles grow most probably through Ostwald ripening and the 

coalescence of adjacent small Si particles (Fig. 14a). For the L-PBF AlSi10Mg alloy, 

the cellular structures disappear and the solute trapped Si elements run out to form Si 

particles, which got coarsened when STA (ST: 520 ˚C/2 h + AA:  180 ˚C/6 h) is adopted 

(Fig. 14b1-b3). The above two examples on L-PBF Al‒12Si and AlSi10Mg indicate that 

the ST does not effectively dissolve the Si into the Al matrix, and triggered the 

precipitation of Si that is supersaturated in the matrix instead. To avoid the precipitation 

of coarsened Si particles, DA is shown to maintain the cellular structure (Fig.14b1,b4) 

[114], and the nano-sized Si particles (shown as red arrows) in the form of spherical 

shape and rod shape precipitate (Fig. 14b5), which are semi-coherent with Al matrix 

(Fig. 14b6) [115]. Moreover, due to the different microstructure relative to that of cast 

counterparts, the precipitation pathway might be different between cast and L-PBF Al‒

Si samples [110]. The dominant precipitates are B’ precipitates for the peak-aged A357 
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after STA [110] while β’’ phase is the dominant precipitate in the peak-aged condition 

for as-cast A357 after STA. This unusual precipitation for the L-PBF Al Al‒Si sample 

is due to the uniaxial strain in the sample. 

 

In conclusion, for the L-PBF Al‒Si alloys, DA generates the nano-sized precipitates by 

consuming the solute trapped elements [73,114], while STA engenders the removal of 

cellular structure, the reduction of Si content in the matrix, and the coarsening of Si 

particles [73,114]. In addition, the precipitation pathway is different for L-PBF and as-

cast samples due to different starting microstructures [73], indicating novel heat 

treatment profiles need to be designed for high performance. 

 

Fig. 14. Microstructure evolution of laser powder bed fusion Al‒Si‒(Mg) alloy 

under various heat treatment conditions. (a) Scanning transmission electron 

microscope-energy dispersive X-ray (STEM-EDX) maps of the Al and Si distribution 

in the Al‒12Si alloy in the as-built and solution treatment conditions [111]. (b1-b3) 

Scanning electron microscopy images of AlSi10Mg in the as-built and solution 

treatment and aging (STA) conditions [114]. (b4) Scanning electron microscopy image 
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showing coarse Si particles after direct aging [114]. (b5) Formation of spherical and 

rod-shaped Si nano-precipitates after direct aging [115]. (b6) The semi-coherent 

interface between the nano-sized precipitates and Al matrix [115]. 

  

4.2.2 Moderate- and high-strength Al alloys 

L-PBF moderate- and high-strength Al alloys can be classified into two categories 

depending on whether the grains are refined. One kind is the alloys with sound 

printability whereby crack-free samples can be printed without composition 

modification, which are mainly Al–Cu [88,116] and Al–Mg [83] alloys.  The other kind 

of alloys are assisted by grain refinement via inoculation treatment to heal the cracks. 

For the former, the alloys contain coarse columnar grains, while the latter usually 

exhibit multi-modal grain size distribution, including the coarse columnar grains and 

ultrafine equiaxed grains [90] or the complete formation of equiaxed grains [102].   

 

For the former group without inoculation treatment elements, T6 (STA) treatment is the 

most common manner to tailor the microstructure and mechanical performance. During 

the heat treatment with a relatively high temperature, the fine-granular microstructure 

got coarsened [117]. However, the coarsening of grains is not significant due to the 

large population of coarse grains [116]. Subsequent aging is used to manipulate the 

precipitation in the L-PBF unmodified moderate- and high-strength Al alloys, such as 

the formation of Al2CuMg in the Al‒Cu‒Mg alloy [118]. However, aging temperature 

and time significantly influence the precipitation behaviour [116]. Furthermore, it is 

found that the conventional HT profiles do not work well for the L-PBF alloys due to 

the loss of Cd. Thus, the heat treatment profiles need to be re-designed mainly owing 

to the composition variation caused by the high energy of the laser and the non-

equilibrium microstructure caused by the high cooling rate during the L-PBF process.  

 

For the latter group of Al alloys with inoculation treatment elements, the heat treatment 

profiles need to be intricately designed to achieve high performance. The STA is 

performed to trigger the precipitation of nano-sized precipitates for conventionally-
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fabricated heat treatable Al alloys, such as the θ'', θ', and θ for Al‒Cu alloys [116], β'' 

and β' for Al‒Mg‒Si [119], and η' for Al‒Zn alloys [102]. Extending the STA to L-PBF 

high-strength Al alloys, the samples undergo the following microstructural variations: 

(1) the intermetallics are dissolved into the Al matrix; (2) inducing the precipitation and 

coarsening of secondary Al3X particle; and (iii) leading to grain coarsening. The 

balance of these microstructural variations is sensitive to the ST temperature and 

dwelling time. A higher ST temperature and longer dwelling time can induce more 

significant dissolution of intermetallics into the matrix, the precipitation of secondary 

Al3(Sc,Zr) particles with a larger size, and a more significant grain coarsening [102]. 

To circumvent the coarsening of grains and secondary Al3X (X = Ti, Zr, or Sc) particles, 

DA performed at relatively lower temperatures is implemented to tailor the 

microstructure and mechanical properties for L-PBF medium- and high-strength Al 

alloys. Compared with the STA inducing significant grain growth (Fig. 15a1,a3), DA 

engenders an unobvious grain growth (Fig. 15a1,a2), and the precipitation of secondary 

Al3Zr particles is observed [120]. The different trends of microstructure evolution 

between DA and STA have also been verified for the Zr-modified Al6061 alloy [119]. 

The secondary Al3Zr particles precipitated after DA while nano-β''-MgxSiy is the 

dominant precipitate after STA. However, the appropriate choice of DA temperature 

plays a significant role in influencing the mechanical properties through the different 

extensions of precipitate coarsening. Higher DA temperature leads to more obvious 

coarsening of secondary Al3Sc particles for the L-PBF AlMnSc when DA temperature 

is increased from 300 °C to 450 °C (Fig. 15b1-b3) [121].  
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Fig. 15. Microstructure evolution of laser powder bed fusion high-strength 

aluminum alloys under various heat treatments. Electron backscattered diffraction 

(EBSD) map for the laser powder bed fusion Zr-modified AlCuMg alloy in the (a1) as-

built state, (a2) direct aging (DA) state, and (a3) solution treatment followed by aging 

(STA) state [120]. (b1-b3) High angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) images showing Al3Sc particles [121]. The 

corresponding heat treatments are DA at (b1) 300 °C for 300 min; (b2) 350 °C for 360 

min; (b3) 450 °C for 360 min. 

 

For the L-PBF moderate- and high-strength Al alloys with inoculation treatment 

particles, both DA and STA have been implemented to tailor the microstructure driven 

by high performance. DA is the mainstream method to tailor the microstructure of L-

PBF Al‒Mg‒Si [119], Al‒Cu [120], AlMnSc [121], and Scalmalloy® [122], where the 

secondary Al3Sc is the major strengthening source. As for Al‒Cu, Al‒Mg‒Si, and Al‒

Zn alloys, conventional STA engenders grain coarsening, the precipitation of secondary 

Al3X particles, and strengthening phase [102]. A longer duration during the ST process 

on the one hand generates more dissolution of solute atoms into the matrix which is 
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beneficial for the subsequent aging process, but on the other hand coarsens the grains 

and secondary Al3X particles. The conflict arises and therefore the proper STA 

temperature and duration need to be studied. DA has also been used to process alloys 

to take advantage of precipitation from secondary Al3X particles. As a result, the heat 

treatment profile needs to be intricately designed to achieve high performance. 

4.3 Mechanical properties 

4.3.1 Tensile property 

(i) Unalloyed aluminum 

As discussed in Section 4.1.1, work on the L-PBF unalloyed Al is relatively rare. The 

as-built unalloyed Al exhibits a low yield strength due to the lack of an effective 

strengthening path. Table A. 3 lists the tensile properties of L-PBF Al. The yield 

strength is about 75 MPa [64], which is higher than that of cast counterparts (about 50 

MPa) [123], possibly arising from the refined microstructure of L-PBF sample. 

 

(ii) Al‒Si alloys 

The Si plays an important role in the mechanical properties of L-PBF Al‒Si alloys. The 

conventionally cast alloys normally exhibit limited ductility due to the localized 

shearing caused by the Si particles [124], contributing to the Orowan looping. The 

tensile properties of L-PBF Al‒Si alloys in the as-built and heat-treated states are listed 

in Table A. 4. The tensile properties of L-PBF Al‒Si alloys vary depending on a series 

of parameters, such as the printing parameters, printing strategy, printing conditions, 

heat treatment conditions, and testing directions.  

 

As for the L-PBF Al‒Si alloys, the strength is higher than that of cast counterparts due 

to the formation of refined Si phases. The yield strength of L-PBF AlSi10Mg is about 

300 MPa, which shows an approximately 140% increment relative to that fabricated 

via spark plasma sintering and hot extrusion (Fig. 16a) [125]. The enhancement of yield 

strength also works well for the L-PBF Al‒12Si alloy, with a yield strength of 186-300 

MPa, which is higher than that of cast counterparts of about 104 MPa [126]. The 
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mechanical properties of L-PBF Al‒Si alloys are affected by microstructure 

modification in terms of the fraction of melt pool boundaries, the size of the Si network 

and grains, and supersaturation and precipitation of Si particles. Decreasing the area 

fraction of melt pool boundaries via increasing hatch spacing effectively enhanced the 

tensile ductility from 7.2% to 9.8%, since melt pool boundaries have a higher tendency 

to form cracks and microvoids (Fig. 16b) [77]. Moreover, the samples printed with 

baseplate preheating exhibit a lower yield strength due to in-situ heat treatment (Fig. 

16c), leading to the precipitation of supersaturated elements and a reduction of solid 

solution strengthening [127]. 

 

Composition modification, such as varying the stoichiometry or micro-alloying, is 

another frequently adopted approach to tailor the mechanical performance of L-PBF 

Al‒Si alloys. Due to the tuneable printability and microstructure of L-PBF Al–xSi 

alloys (Fig. 7a-f) [71], Si plays a significant role in influencing mechanical properties. 

The Al–1.0Si and Al–2.0Si alloys fracture prematurely due to high crack density. The 

strength increased with Si content due to the better-defined web-like eutectic structure 

(Fig. 16d), which impedes the dislocation movement during deformation [71]. Apart 

from Si content, Mg content is another effective medium to tailor the mechanical 

performance of the alloy, due to its contribution of solid solution strengthening [80]. 

Through increasing content to 1.4 wt.%, the yield strength of L-PBF AlSi8.1Mg1.4 

alloy is increased to 341 MPa, higher than that of AlSi10Mg (186-300 MPa) with a Mg 

content between 0.25-0.45 wt.%. Finally, the yield strength of L-PBF Al–Si alloy is 

tuneable via microalloying to trigger grain refinement and oversaturated solid solubility 

[128]. With the incorporation of Er into A357 alloy, the yield strength increases from 

257 MPa (A357) to 296 MPa (AlSi7Mg0.6Er0.2) [128]. 

 

Due to the different thermal histories and formation of columnar grains along the build 

direction, the L-PBF Al‒Si alloys show mechanical anisotropy [129]. The discrepancy 

exists for the mechanical anisotropy among different studies. Most studies (Table A. 4) 

indicated that the yield strength and ultimate tensile strength are higher for the 
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horizontal samples compared with those of vertical samples [129]. A typical example 

is L-PBF A357, where the yield strength in the horizontal direction (279.6 MPa) is 

higher than that in the vertical direction (232.2 MPa) for the substrate temperature of 

35 °C (Fig. 16c) [127]. The anisotropy of tensile properties is attributed to the fraction 

of the melt pool boundary where the localization of pores, residual stress, and heat 

affected zone made it the weakest part. Horizontal samples with the lowest fraction of 

melt pool boundary exhibit higher strength. However, there are also some reports 

showing that the strength along the build direction is higher than that in the horizontal 

direction [130]. The higher yield strength of 300 MPa along the vertical direction 

relative to that of the horizontal direction (260 MPa) is ascribed to the nonuniform 

distribution of volume of eutectic microstructure and volumes with higher yield stress. 

The heat treatment is beneficial for microstructure homogenization and healing 

mechanical anisotropy.   

 

Fig. 16. Tensile properties of laser powder bed fusion Al–Si alloys. (a) Nominal 
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tensile stress-strain curves of the laser powder bed fusion and powder metallurgy 

fabricated AlSi10Mg alloy [125]. (b) AlSi10Mg alloys with different hatch spacing [78]. 

(c) A357 alloy under different baseplate temperatures and different directions (H: 

horizontal, V: vertical) [127]. (d)  Al–xSi alloys [71].  

 

As discussed in Section 4.2, the heat treatment profiles can significantly influence the 

microstructure evolution, which is directly associated with mechanical performance. 

The heat treatment effect on the mechanical properties of L-PBF Al–Si alloy is drawn 

as follows: (i) The direct aging (DA) temperature can tailor the mechanical performance 

in a broad range through controlling the size and volume fraction of precipitations, the 

cellular structures, and dislocation density. Geng et al. [80] reported that the yield 

strength increased after direct aging at 150 °C and 200 °C (Fig. 17a) due to the 

precipitation of β'' phase. However, when the DA temperature increased to 300 °C and 

400 °C, the yield strength decreases and is lower than that of as-built counterparts (Fig. 

17a) due to the disappearance of Si rich boundaries, the dissolution of Si and Mg, and 

a reduction of dislocation density. For L-PBF AlSi10Mg, the yield strength 

progressively decreased with increasing DA temperature due to decreased contribution 

from solid solution strengthening, dislocation strengthening, precipitation, and growth 

of Si particles [131]. In the meantime, the anisotropy of the tensile properties can 

effectively be alleviated via heat treatment due to a more homogenized microstructure 

after heat treatment arising from a more homogeneous microstructure. (ii) Compared 

with the broad tailoring of tensile properties, T6 heat treatment, including the solution 

treatment (ST) and artificial aging, leads to a disappearance of cellular structure, the 

coarsening of Si particles, and a reduction of dislocation density, generating a lower 

yield strength relative to that of as-built counterparts (Fig. 17b) [132].  
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Fig. 17. Heat treatment effect on the tensile property of laser powder bed fusion 

Al–Si alloys. Effect of direct aging (DA) temperature on the tensile property of (a) 

AlSi8.1Mg1.4 alloy [80]; and (b) Effect of direct aging (DA) and T6 heat treatment on 

the tensile property of AlSi10Mg [132].  

 

(iii) Moderate- and high-strength aluminum alloys 

The mechanical property values for the L-PBF moderate- and high-strength Al alloys, 

including the Al–Cu, Al–Mn, Al–Mg, Al–Mg–Si, and Al–Zn alloys, are listed in Table 

A. 5. The tensile properties of L-PBF Al alloys are sensitive to the microstructure which 

is controlled by the printing parameters, tensile direction, detailed chemical 

composition, and heat treatment conditions. For the L-PBF moderate- and high-strength 

Al alloys, the inoculation treatment eliminates the crack on the one hand, and 

contributes to the strengthening and mechanical isotropy on the other hand.  

 

As for moderate- and high-strength Al alloy with sound L-PBF printability, mainly the 

Al–Cu alloy [133], the L-PBF Al alloy exhibits higher yield strength relative to that of 

cast counterparts due to grain refinement, as manifested by the AlCu5MnCdVA [133]. 

For the inoculation-treated Al alloys with refined grains, the inoculation treatment 

elements also contribute to the strengthening apart from refining grains. Firstly, the 

yield strength is significantly enhanced contributed by grain boundary strengthening, 

as manifested by the L-PBF Al–4.47Cu–1.95Mg–0.55Mn alloy (Fig. 18a), whose yield 

strength increased from 253 MPa to 446 MPa with the addition of 2 wt.% Zr [134]. 
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Secondly, the strength of L-PBF compositionally modified moderate- and high-strength 

is higher than that of cast or wrought counterparts due to grain refinements and 

precipitation strengthening, as manifested from L-PBF Al5083 [83] and Al6061 alloys 

[119]. Taking the L-PBF Al5083 alloy modified with 0.7 wt. % for example, the yield 

strength can reach 318.7 MPa, which is higher than that of Al5083-O (145 MPa) [83]. 

Furthermore, for the Sc- and Zr- modified moderate- and high-strength Al alloys, the 

Sc and Zr can contribute to the precipitation strengthening from secondary Al3(Sc,Zr) 

particles after heat treatment [135]. The yield strength of a Sc- and Zr- modified Al‒

Mn‒Sc alloy increases to more than 550 MPa after direct aging from 438 MPa in the 

as-built state (Fig. 18b) [135]. The precipitation of secondary Al3(Sc,Zr) particles can 

make the conventionally non-heat treatable Al‒Mg alloys become heat treat hardenable. 

The yield strength of L-PBF AlMgScZr alloy increased from 338 MPa to 512 MPa after 

direct aging [136]. 

 

Moreover, post heat treatment profiles play a significant role in influencing the 

microstructure and mechanical properties by influencing the coarsening of grains, size, 

and volume fraction of Al3(Sc,Zr) particles. For the DA heat treatment, higher DA 

temperature and longer dwelling time lead to coarsening of secondary Al3(Sc,Zr) 

particles, reducing the yield strength [121]. Opprecht et al. [119] have reported that the 

DA is more effective in enhancing the yield strength for the Zr-modified Al6061 alloy 

than conventional STA, since the grains and secondary Al3(Sc,Zr) particles undergo 

significant coarsening during STA. As for the STA heat treatment, a higher solution 

treatment temperature and longer dwelling time trigger more complete dissolution of 

intermetallics into the matrix in conjunction with coarsening of grains and Al3(Sc,Zr) 

particlesL-PBF AlZnMgCuScZr alloy for example [102]. Through the optimization of 

heat treatment profiles, the yield strength of L-PBF AlZnMgCuScZr alloy can reach 

more than 640 MPa [102]. The above results indicate that the heat treatment profiles 

need to be carefully designed to achieve high performance for the L-PBF moderate- 

and high-strength Al alloys. 
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Fig. 18. Tensile properties of laser powder bed fusion moderate- and high-strength 

aluminum alloys. (a) AlCuMg/Zr alloy [134]. (b) AlMnSc alloy [135].  

 

Apart from eliminating cracks and enhancing mechanical performance, the formation 

of equiaxed grains is also beneficial for mechanical isotropy, since there is no preferred 

grain orientation for the ultrafine equiaxed grains (Fig. 18b) [135]. In addition, the 

introduction of the ultrafine equiaxed grains contributes to enhancing the strength and 

altering the deformation behaviours [102,135,136], including the Lüders band as 

reflected by the deformation plateau after yielding in the stress-strain curves (Fig. 

18a,b). The ultrafine grain boundaries serve as dislocation sinks and enhance dynamic 

recovery, triggering the formation of the Lüders band. The serrated flow was due to the 

dynamic strain aging caused by the interaction between the solute Mg atoms and mobile 

dislocations during the tensile test [102]. 

 

4.3.2 High cycle fatigue, fatigue crack growth, and fracture resistance 

(i) Al‒Si alloys 

As the most prominent cause of structural failure in load-bearing components, fatigue 

properties, such as high cycle fatigue, fatigue crack growth, and fracture toughness, are 

critical for practical applications. The high cycle fatigue property of L-PBF Al‒Si alloys 

is closely correlated with the test directions [137] and microstructures [132,138]. For 

L-PBF AlSi10Mg, the fatigue strength drops as the building angle increases. The 0° 

built specimens exhibit higher fatigue strength than those of 45° and 90° specimens due 
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to smaller defects and denser melting pool boundaries (Fig. 19a) [137]. Aside from the 

build direction, the microstructure variation induced by HT also effectively tailors the 

fatigue properties [132]. Similar to the tensile strength, the fatigue properties were 

affected by the morphology and size of Si particles. The DA sample exhibited superior 

fatigue properties due to the maintenance of the cellular structure and precipitation of 

fine Si particles. In contrast, the T6 sample exhibited the worst fatigue properties due 

to the disappearance of cellular structure and coarsening of Si particles. (Fig. 19b). 

 

Fracture toughness, defining the damage tolerance of a material, is critical for industrial 

applications, yet is scarcely studied for L-PBF Al‒Si alloys [77,139]. The fracture 

toughness of L-PBF Al‒Si alloy normally lies in the range of 40–60 MPa√𝑚, typically 

higher than that of cast Al‒Si counterparts [77]. The fracture toughness is influenced 

by the printing parameters and strategy, such as varying the layer thickness, hatching 

space, scanning strategy, sample orientation, and crack direction of the C(T) samples 

[139]. The melt pool morphology and the mesostructure controlled by the scanning 

strategy dominated the fracture. The crack initiation toughness and crack propagation 

resistance are higher when the melt pool mesostructure makes the crack propagation 

more tortuous.  

 

Fig. 19. Fatigue and fracture toughness of laser powder bed fusion Al–Si alloys. 

Stress amplitude-cycles to failure (S-N) curves of laser powder bed fusion AlSi10Mg 

samples (a) along the 0°, 45°, and 90° [137]. (b) under as-built, direct aging (DA), and 

T6 conditions [132].  
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(ii) Moderate- and high-strength Al alloys 

Until now, investigations into high cycle fatigue, fracture toughness [140], and crack 

growth behaviour [141] of L-PBF moderate- and high-strength Al alloys have been 

limited. The high cycle fatigue property is sensitive to the testing directions and 

microstructure variation induced by heat treatment. Heat treatment can effectively tailor 

the microstructure and the resultant cycle fatigue strength. The 107 cycles fatigue 

strength of L-PBF Al5024+Sc/Zr is 75 MPa, 105 MPa, and 90 MPa, respectively, for 

the as-built (AB), hot isostatic pressing (HIP) processed, and overaged (OA2) samples 

(Fig. 20a1), which show a positive correlation with the yield strength [142]. 

Furthermore, significant anisotropy of fatigue strength exists for L-PBF AlMgScZr 

sample due to the lack of fusion defects, which engender a higher stress concentration 

in the V samples than that of H samples, and thus a higher fatigue strength (100.5 MPa) 

for the horizontally built (H) sample relative to that (57 MPa) of vertically built (V) 

samples (Fig. 20a2) [122]. For the fracture toughness study, Wang et al. [140] have 

reported a KIC value of 25.4 MPa·m1/2 and 23.2 MPa·m1/2 for the horizontal and vertical 

L-PBF AlMgScZr samples, respectively (Fig. 20b1). The lower fracture toughness for 

the vertical samples is due to less tortuous crack propagation along the molten-pool 

boundaries, which reduced propagation resistance. The combination of yield strength 

and toughness is comparable to those of Al7075–T651 (Fig. 20b2). 
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Fig. 20. Fatigue and fracture toughness of laser powder bed fusion high-strength 

aluminum alloys. (a1) High cycle fatigue property of Sc/Zr-modified Al5024 alloy 

under as-built (AB), hot isostatic pressing (HIP), and over aging (OA2) conditions, 

respectively [142]. (a2) Stress amplitudes-cycles to failure (S-N) curves of laser powder 

bed fusion Al–Mg–Sc–Zr alloy in horizontal and vertical directions [122]. (b1) Load-

crack opening displacement (COD) curves of the laser powder fusion AlMgScZr alloy 

[140]. (b2) Comparison of strength and fracture toughness of the laser powder bed 

fusion AlMgScZr alloy compared with those of 2xxx, 7xxx, and Al-Li wrought alloy 

[140]. 

4.4 Corrosion properties 

4.4.1 Al‒Si alloys 

Due to the special microstructure, such as refined grains compared with those of 
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conventionally-fabricated counterparts and microstructure heterogeneity, the corrosion 

property of L-PBF Al alloys deserves investigations to pave the way for industrial 

application. The results hitherto indicated that the Si shell plays a significant role in 

influencing the corrosion property. The L-PBF Al‒12Si possesses a better corrosion 

resistance than that of cast counterparts in the NaCl solution [70] in terms of a lower 

weight loss rate, a lower corrosion current density, icorr, L-PBF (0.36 ± 0.03 μA cm-2), and 

higher pitting potential, Epit, L-PBF (-0.69 ± 0.01 V) (Fig. 21a). The different corrosion 

behaviours are explained based on the different eutectic silicon particles. For the cast 

Al‒12Si, micro-scale silicon particles triggered the formation of macro-galvanic 

couples, where eutectic silicon particles serve as micro-cathodes and the aluminum 

substrate serves as the anode. What is more, the large-sized eutectic silicon particles 

increase the fluctuation of oxide film, forming a porous oxide layer, which causes Cl– 

to erode the Al matrix. In contrast, the ultrafine eutectic silicon particles trigger the 

formation of micro-galvanic couples, facilitating the formation of Al(OH)3 in the early 

stage and subsequent dehydration into a compact Al2O3 protective film. Thus, the 

ultrafine silicon particles in the L-PBF Al–Si alloys can stabilize the oxide layers and 

prevent the aluminum substrate from being further eroded. The obstruction of oxide 

front caused by the more finely distributed silicon is also validated for the L-PBF 

AlSi10Mg alloy [143]. In addition, the L-PBF Al‒12Si alloy exhibits anisotropic 

corrosion behaviours along the XY-plane and XZ-plane are observed for [144]. The 

XZ-plane exhibits a better corrosion resistance relative to that of the XY-plane, as 

supported by the lower corrosion current density, icorr, L-PBF (0.16 ± 0.02 μA cm-2), and 

higher pitting potential, Epit, L-PBF (-0.65 ± 0.02V) for the XZ-plane (Fig. 21b). The 

enhanced corrosion resistance is supported by the surface morphology after the 

polarization experiment (Fig. 21c,d). The entire pitting process is observed on the XY-

plane, where the oxide film is damaged by the Cl
-
 (Fig. 21c). However, no obvious 

pitting holes are observed on the XZ-plane (Fig. 21d). The anisotropy of corrosion 

property is due to different morphology of Si shells. The circular Si shells with a cellular 

morphology and a large depth on the XY-plane are beneficial for the corrosion products 
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to continuously grow and break the shells. In contrast, the shallow Si particles with 

columnar morphology on the XZ-plane are not conducive for the growth of corrosion 

products. Thus, the exposed Si shells and oxide film on the XZ-plane can prevent the 

Al matrix from being further eroded.  

 

Fig. 21. Corrosion property of laser powder bed fusion Al–Si alloys. (a) 

Potentiodynamic polarization curves of the laser powder bed fusion Al–12Si and as-

cast Al–12Si alloy in the aerated 3.5 wt.% NaCl solution [70]. (b) Potentiodynamic 

polarization curves of the XY- and XZ-planes for the laser powder bed fusion Al‒12Si 

alloy in the aerated 3.5 wt.% NaCl solution [144]. Scanning electron microscopy 

images showing the morphology after polarization experiments in the aerated 3.5wt.% 

NaCl solution for the laser powder bed fusion Al‒12Si sample on the (c) XY-plane and 

(d) XZ-plane [144]. 

 

Since the Si cells play a significant role on the corrosion property for L-PBF Al‒Si 
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alloys, the heat treatment that alters the Si network can influence the corrosion property 

[145]. Rubben et al. [146] further found that the Si network can hinder the propagation 

of corrosion, and thus resulting in a superficial corrosion spreading around the melt 

pools boundary. In contrast, for AlSi10Mg sample without Si network after heat 

treatment, the corrosion propagates in depth which results in a more deeply penetrating 

corrosion attack, since it is not hindered by the Si network. Meanwhile, the corrosion 

attacks occurred initially at the melt pool boundaries where the potential difference 

between Al and Si phases is larger, which provides a larger driving force for galvanic 

coupling. Finally, the surface conditions can significantly influence corrosion resistance.  

The as-built AlSi10Mg sample shows lower corrosion resistance as compared to that of 

polished samples due to different passive film properties. On one hand, polishing can 

remove the oxide film formed during L-PBF, and a film more resistant to the chlorides 

is formed. On the other hand, polishing can reduce the surface roughness and potential 

sites for pitting initiation and surface conditions [145]. 

 

Based on what has been reviewed, the cellular structure with Si particles decorating 

along the cell boundary and the melt pool boundary play a critical role in influencing 

the corrosion properties of L-PBF. The ultra-fine Si particles can prevent the Al 

substrate from being further eroded due to enhancement in the stability of oxide layer, 

leading to the enhanced corrosion resistance relative to that of cast counterparts. The 

different morphologies of Si cells also lead to corrosion anisotropy for the XY-plane 

and XZ-plane of L-PBF Al‒12Si sample.  

 

4.4.2 Moderate- and high-strength Al alloys 

The corrosion properties of L-PBF moderate- and high-strength Al alloys are critical 

for engineering applications, which has attracted research interest recently [147-149]. 

The study of corrosion properties has been conducted from different perspectives, such 

as the corrosion mechanism [148], corrosion anisotropy [148], and heat treatment 

effects [150]. For the inoculation treated Al alloys with equiaxed grains, it is found that 

the addition of Zr can improve the corrosion resistance of AA5083 alloy with a 
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significant decrease of pitting (Fig. 22a), which is attributed to the refined grains 

resulting in efficient passivation with a more stable oxide layer [151]. Due to different 

microstructures, including precipitation behaviours, grain size distribution, and 

crystallographic orientation, along the XY- and XZ-planes, the Sc- and Zr-modified Al‒

Mg alloys exhibit corrosion anisotropy [148]. The XY-plane exhibits a better corrosion 

resistance with a lower current density than that of the XZ-plane. In contrast, the XZ-

plane shows a better resistance for pitting initiation (Fig. 22b). At the initial stage of the 

corrosion process, passive films including Al(OH)3 and Al2O3 formed on the XY- and 

XZ-planes. The refined grain size and high grain boundary density lead to faster 

formation of an oxide film on the XZ-plane. In contrast, the dominated (111) 

crystallographic along the XY-plane promotes the easier formation of initial pits, 

causing a lower value of Epit on the XY-plane. Subsequently, the Al3(Sc,Zr) particles 

serve as local cathodes and facilitate the dissolution of the Al matrix. Due to the higher 

fraction of Al3(Sc,Zr) particles on the XZ-plane, the pit propagation is quicker than that 

on the XY-plane, leading to deep pits on the XZ-plane. Based on what has been 

discussed, the corrosion resistance of L-PBF Al alloys is closely correlated with the 

microstructure, thus, heat treatment modifying the metastable microstructure can 

significantly influence the corrosion resistance. For the Sc- and Zr-modified moderate- 

and high-strength Al alloys, the corrosion resistance is tunable depending on the heat 

treatment profiles. The corrosion resistance is decreased after direct aging at 325 °C for 

4h for the L-PBF Al–Mg–Si–Sc–Zr alloy (Fig. 22c) due to the formation and coarsening 

of secondary Al3(Sc,Zr) precipitations [150]. This is due to the fact that the Al matrix 

near the precipitates could act as the anode and was corroded preferentially [152].  

However, the dependence of corrosion resistance of L-PBF Al–Mg–Sc–Zr on heat 

treatment is also influenced by the size and spacing of precipitates. Direct aging at 

325 °C for 1 h and 4 h reduces the corrosion resistance for L-PBF Al–Mg–Sc–Zr alloy, 

however, the corrosion resistance is enhanced when further direct aged for 12 h and 120 

h due to the increased size and spacing of grain boundary precipitations [153]. 
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In total, the L-PBF moderate- and high-strength Al alloys with ultrafine grains exhibit 

higher corrosion resistance relative to their cast counterparts. Due to different 

precipitation behaviours, grain size, and texture, the XY-plane and XZ-plane show 

different corrosion behaviours. Moreover, corrosion resistance is sensitive to heat 

treatment conditions, which tailors the size and spacing of precipitates. 

 

Fig. 22. Corrosion property of laser powder bed fusion moderate- and high-

strength aluminum alloys. SEM image of the (a) AA5083, AA5083 + 0.7Zr, and 

AA5083 + 1 Zr alloys after 168 h in 3.5 wt.% NaCl [151]. (b) Potentiodynamic 

polarization curves for the XY- and XZ-planes of laser powder bed fusion AlMgScZr 

alloys in 3.5 wt.% NaCl solution [148]. (c) Potentiodynamic polarization curves for the 

as-built and heat treated AlMgScZr alloys in 3.5 wt.% NaCl solution [150]. 

4.5 Elevated temperature applications 

Developing Al alloys for moderate-temperature applications has been a longstanding 

issue and has significance for industrial applications, such as partial replacing Ti alloys 

to reduce weight and cost [154,155]. However, for the typical high-strength Al alloys, 
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the potent strengthening precipitates get coarsened or dissolve into the matrix, limiting 

their elevated applications [156]. Comparatively, nickel-based superalloys can remain 

mechanically stable at temperatures exceeding 75% of their absolute temperatures. 

Analogously, the service temperature would be about 425 °C if taking the melting 

temperature of Al of 660 °C as the benchmark. This indicates that there is still much 

space for improving the high-temperature mechanical performance of Al alloys. In 

consideration of the necessity and potential improvement space, much work has been 

conducted to develop Al alloys for high-temperature applications. The common 

approach to this is the introduction of a thermally stable phase. There are three different 

routes to develop Al alloys targeted for elevated temperature applications [155]: (i) 

introducing thermally stable strengthening precipitates, such as the typical L12-

structured Al3X (X = Zr or Sc) particles [157]; (ii) introducing a high volume fraction 

of intermetallics, such as Al–Fe [158], Al–Ce [159,160], Al–Ni [161], and so on; and 

(iii) introducing thermal resistant ceramic particles, such as oxides, carbides, nitrides, 

and borides. As to the high-temperature Al alloys fabricated by the AM technologies, 

work has been conducted from the above-mentioned perspectives. We will focus here 

on the previous two subgroups and the last group of Al alloys with thermally stable 

ceramic particles will be discussed in Section 6 on the AM of Al matrix composites 

(AMCs). The mechanical properties of some developed high temperature Al alloys are 

listed in Table A. 6. The dependence of σy and σUTS on testing temperature is shown in 

Fig. 23. The mechanical properties of L-PBF AMCs are also listed in Table A. 6 and 

Fig. 23 for benchmarking. Based on the plot, it can be seen that when the testing 

temperature is higher than 200︒C, only the A2024-RAM and Al–6Fe–5Cr exhibit 

higher yield strength than that of AA8009. What is more, there is still a broad 

opportunity space for improvement when the strength of Al alloys with the specific 

strength of Ti6Al4V is benchmarked. We will describe the high-temperature 

mechanical properties from three different perspectives, including Al–Si, thermally 

stable strengthening precipitates, and the high volume fraction of intermetallics, in turn. 
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Fig. 23. The dependence of (a) yield strength, and (b) ultimate tensile strength for 

the laser powder bed fusion aluminum alloys and conventionally fabricated 

aluminum alloys, including the AA8009 and 2618–T651. The strength of aluminum 

alloys with the specific strength of Ti6Al4V alloys is also shown for comparison. The 

data of Scalmalloy is taken from Ref. [162], Al–8Ce–10Mg is taken from Ref. [159], 

Al–11Ce–7Mg and Al–15Ce–9Mg is taken from Ref. [160], Al–10Ce is taken from Ref. 

[163], Al–3Ce–7Cu is taken from Ref. [164], Al–10Ce–8Mn is taken from Ref. [162], 

Al–5.7Ni is taken from Ref. [161], Al–7.5Ni, Al–7.5Ni–0.5Cu and Al–7.5Ni–2.0Cu is 

taken from Ref. [165], Al–3Ni–1Ti–0.8Zr is taken from Ref. [166], Al–5Fe–6Cr is 

taken from Ref. [167], Al–4Cr–1.5Zr is taken from Ref. [168], Al–3Fe, Al–3Mn, Al–

3Cr is taken from Ref. [169], 2618–T651 is taken from Ref. [170], AA8009 is taken 

from Ref. [171], and AlSi10Mg is taken from Ref. [172]. 

 

4.5.1 Al‒Si alloys 

For the Al‒Si alloy, the investigation of high-temperature mechanical behaviours is 

limited [172,173]. Due to a lack of high temperature strengthening phase, the strength 

decreased significantly at higher temperatures. Due to coarsening of the eutectic 

solidification structure, the yield strength decreased from 138 ± 3 MPa (tested at room 

temperature) to 114 ± 4 MPa (tested at 200 °C) for the L-PBF Al‒12Si sample [173] and 
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decreased from ~204 MPa at room temperature to about 70 MPa at 300 °C for L-PBF 

AlSi10Mg alloy [172]. The significant drop of strength at higher temperatures limits the high 

temperature applications of L-PBF Al‒Si alloys [174].  

 

4.5.2 Thermally stable strengthening precipitates  

For the thermally strengthening precipitates, the typical alloys are Scalmalloy [175] 

or the Addalloy [11,176]. Following on from these, Sc and Zr modified Al–Mg–Si 

[97,101] and Al–Zn alloys [102] have been developed. However, investigations into the 

high-temperature mechanical properties of the developed alloys have scarcely begun. 

The present preliminary investigations indicated that the as-built and as-aged AlMgZr 

samples show a lower yield strength, which is 87 MPa and 24 MPa at 260 °C, 

respectively (Fig. 24a) [176]. The lower yield strength for the aged sample is due to the 

coarsening of grain-boundary precipitates, decreasing their ability to inhibit grain 

boundary sliding of the fine equiaxed grains. Furthermore, for the creep property test, 

it was found that the fitting value of n = 2 (Fig. 24b2) or n = 3 (Fig. 24b3) is better than 

n = 1 (Fig. 24b1) when the Mukherjee-Bird-Dron power-law equation was used to fit 

the creep rate vs. stress curve. The n = 2 or n = 3 values correspond to the grain 

boundary sliding or dislocation motion during creep, respectively [176]. 

 

Fig. 24. High temperature tensile and creep property of laser powder bed fusion 

AlMgZr alloy. (a) Dependence of yield strength on the testing temperature of the laser 

powder bed fusion AlMgZr alloy. (b1-b3) Double logarithmic plot of secondary creep 

rate vs. stress for creep testing at 260 °C of AlMgZr alloy in three conditions: as-

fabricated, under aged (260 °C, 168 h), peak aged (400 °C, 8 h) [176]. 
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4.5.3 High volume fraction of intermetallics 

Deriving from the rapidly solidified Al alloys consisting of a high volume fraction of 

intermetallics with high coarsening resistance [177], high volume fraction intermetallic 

Al alloys have been developed, which are mainly based on the near-eutectic alloy 

composition. The developed Al alloys can be categorized into several systems, 

including Al–Ce alloys [159-162], and Al–TM alloy [161,166,169,178], where TM 

denotes a transitional metal, such as Fe, Ni, Cr, or Mn. 

 

(i) Al–Ce 

The Al–Ce-based Al alloys with the eutectic structure are a typical high temperature 

alloy for L-PBF, showing a strong hot-tearing resistance [179]. The low solubility of 

Ce in the Al matrix makes it coarsening resistant at elevated temperatures [180]. The 

L-PBF Al–Ce–Mn alloy exhibited a heterogeneous structure with the intermetallics of 

Al20Mn2Ce, Al11Ce3, and Al6Mn (Fig. 25a) [162]. At room temperature, it exhibited a 

lower yield strength (~252 MPa) compared with that of Al2618 (~369 MPa) and 

Scalmalloy  (~453 MPa). However, the strength of L-PBF Al–Ce–Mn is higher than 

AlSi10Mg and Scalmalloy and comparable relative to that of Al2618 starting from 

150 °C to 400 °C, signifying its excellent strength retention ability at high temperatures 

[162]. 

 

(ii) Al–TM (TM = Fe, Ni, Cr, or Mn) 

The transition metals (TM), such as Fe, Ni, Mn, and Cr, are commonly incorporated 

into the Al alloy to enhance the elevated-temperature tensile properties due to several 

factors: (1) the low maximum solid solubility of TMs in Al; (2) the formation of coarse 

resistant intermetallics; and (3) the low diffusion coefficient of TMs in the Al. Thus, the 

Al–Ni alloy system [181], Al–Fe [182], Al–Mn [169], Al–Cr [169] all show potential 

elevated-temperature applications. It is reported that the L-PBF Al–5Fe–6Cr alloy 

exhibits a heterogeneous distribution of precipitates in the interior of melt pools and 

along the grain boundary (Fig. 25b) [167]. Due to the formation of nanoscale 

icosahedral and intermetallic phases, the as-built Al–5Fe–6Cr exhibited a high yield 
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strength of 344 MPa at 200 °C, which is higher than that of AA8009 [171]. Furthermore, 

the yield strength of 273 MPa is the highest for the reported values for L-PBF Al alloy 

tested at 300 °C.  

 

Fig. 25. Scanning electron microscopy images showing the heterogeneous 

multiscale microstructure of laser powder bed fusion aluminum alloys. (a) as-built 

Al–Ce–Mn sample [162]. (b) as-built Al–5Fe–6Cr samples [167]. 

 

Based on what has been discussed so far, for the L-PBF Al alloys containing thermally 

stable precipitates, the microstructure stability is not comparable to that of cast 

counterparts, and there are still many opportunities to overcome this by the composition 

modification inspired by the literatures of cast counterparts. As to the Al alloys by 

means of high volume fraction of intermetallics, the preliminary results show that they 

can potentially show promise as high temperature Al alloys. However, future work 

needs to be conducted through the tailoring of composition, printing parameters, and 

the evaluation of other high-temperature mechanical properties (such as creep, fatigue, 

and fracture toughness) beyond the tensile properties.  
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4.6 Effect of powder feedstock and degradation on quality 

4.6.1 Powder characteristics on the microstructure and mechanical properties 

The printing quality of the L-PBF samples depends on various factors, such as the 

powder feedstock, printing environment, and printing parameters. As the starting 

materials for printing, the powder feedstock plays an important role in influencing the 

quality of the printed samples, such as the printability [183], densification [184], and 

tensile property [185]. The common powder characteristics include powder 

morphology, density, flowability, spreadability, and chemical composition (Fig. 26). 

The powder morphology includes particle size distribution, satellites, sphericity of 

powders, aspect ratio, and agglomeration of powders, while the density of powders can 

be reflected using the apparent density, packing, and bulk density. Furthermore, 

Archimedes’ density reflecting the internal porosity of powders is also used to reflect 

powder quality. In addition, the chemical composition, including the content of trace 

elements, oxides, impurities, and moisture, can also influence the phase formation, 

microstructure, and mechanical properties of printed samples. Finally, the rheology of 

powders including flowability, recoatability, and spreadability, influences the powder 

packing behaviour during L-PBF.  

 

Fig. 26. Powder characteristics that are used to reflect the powder quality. 
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The powder characteristics play a critical role in the densification and mechanical 

properties of L-PBF Al alloys. The powder feedstock characteristics (particle size 

distribution and morphology) (Fig. 27a1-a4) of AlSi10Mg powders can significantly 

influence the flowability, which is in inverse relationship with the avalanche angles 

[185]. Coarse powders with spherical particle morphology show the lowest avalanche 

angles, and thus the best flowability (Fig. 27b1). Furthermore, Laser absorption 

increases with the increased fraction of fine-sized particles and more irregular-shaped 

powders by forming a larger amount of beam trap (Fig. 27b2). Moreover, the samples 

printed with the plasma atomized powders yield significantly improved surface quality 

and a higher fraction of fine powders leads to a rougher surface (Fig. 27b3). This is due 

to the fact that the finer particles adhere more to the melt pool than coarser and heavier 

powders. Due to the different flowability and laser absorption, plasma atomized 

powders (B1) lead to the fabrication of samples with the highest relative density (99.98-

99.99 %). The finest powders (A2) show the lowest relative density (99.84-99.87 %) 

(Fig. 27b4). On the basis of densification, the plasma atomized powders (B1) engender 

higher ultimate tensile strength and elongation (Fig. 27b5,b6), ascribing to the higher 

relative density for the samples printed with B1 powders. Comparatively, the B1 

powder-fabricated samples exhibit a lower yield strength, which might be associated 

with the chemical composition.  
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Fig. 27. Dependence of powder characteristics on the printing quality and tensile 

property of laser powder bed fusion AlSi10Mg alloys [185]. Scanning electron 

micrographs of the aluminum powders (a1) A1: coarse powders; (a2) A2: fine powders; 

(a3) A3: mixture of coarse and fine powders; (a4) B1: plasma atomized powders. (b1)–

(b6) show the avalanche angle, absorption, surface roughness, part density, ultimate 

tensile strength (σUTS), and elongation at break.  

 

Apart from the powder morphology and particle size distribution, the moisture skin 

attached to the powder surface degrades densification by forming Al oxides and 

hydroxides. Thus, drying powders is beneficial for densifying the printed samples by 

removing moisture, which has been verified by L-PBF Al‒12Si [186]. The effect of 

moisture on printability is due to the following facts. On the one hand, the moisture on 
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the powder surface could suppress flowability [187]. On the other hand, the moisture 

can react with Al by forming Al2O3, and hydrogen is entrapped in the melt [188]. This 

indicates that it is necessary to bake the Al powders to remove the moisture to enhance 

printability.  

 

4.6.2 Powder reuse on the powder characteristics and quality of printed Al alloys 

To maximize the powder use for AM to ensure lower waste and reduce cost, powder 

reuse is often adopted during AM fabrication [189]. However, the powder 

characteristics might undergo degradation after reuse, which can influence the 

printability and quality of printed samples. Currently, the effect of powder reuse on AM 

has been conducted for various materials [190], such as steels, Ni-based superalloys, 

and Ti alloys. Principally speaking, the degradation of powders is ascribed to the 

variation of powder characteristics (Fig. 26) and the associated mechanical properties. 

Fig. 28 summarizes the variation of powder characteristics and mechanical properties 

with powder reuse for L-PBF Al alloys. 

 

Fig. 28. Evolution of powder characteristics after reuse based on the published 

literature. The up and down arrows represent the increase and decrease, respectively. 

 

One of the significant factors for chemical composition variation is the oxygen content 
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due to oxidation during L-PBF, especially when considering the high oxygen affinity 

of Al alloys. The work reported hitherto indicated that the oxygen content increased 

progressively due to the fact that the oxygen in the chamber can oxidize the molten 

spatter particles [191,192]. Fig. 29a1,a2 show the SEM images of the virgin AlSi10Mg 

powders and reused AlSi10Mg powders for 30 months. Bright oxidized powders as 

shown by the red circles are detected for the reused powders [189]. Fiegl et al. [191] 

further reported that the oxygen content follows a logarithmic function with aging time 

and the oxide layer thickness increased. The oxygen content increased from 0.052% 

(virgin powders) to 0.123% (reused powders for 30 months), as listed in Table A. 7. In 

conjunction with the increase of oxygen content, the hydrogen content generally 

increased after reuse, as indicated for the AlSi10Mg0.4 alloy [191,192] (Table A. 7 and 

A. 9).  

 

Apart from the composition variation, other powder characteristics also undergo 

variations. (1) For the particle size distribution (PSD), its evolution is different 

depending on the materials and processing methods used. Fiegl et al. [191] have 

reported a near similar PSD for the AlSi10Mg0.4 powder after reuse (Table A. 7). In 

their experiment, the virgin powders are added continuously to the system to ensure 

that the total weight of powders is ~550 Kg. Thus, the as-investigated powders in their 

experiment are a mixture of powders aged for different times after manufacturing [191]. 

Comparatively, a shift of PSD to higher particle size after reuse has been reported for 

the Al‒Mg‒Sc‒Zr [193] and AlSi10Mg alloys [194]. The shift of PSD to larger particle 

size is due to the fact that smaller particles will melt and sinter to form satellites. In 

contrast, Raza et al. [189] have reported the shift of PSD to a smaller size, which is 

ascribed to the removal of agglomerated particles. (2) As for the tapping and apparent 

density for the reused powders, a marginal increase in tapping and apparent density was 

reported (Table A. 7) [191]. However, the detailed mechanism was not given. This could 

be ascribed to the removal of fine powders resulting a better flowability. (3) 

Furthermore, powder reuse can cause other variations of powders, such as a lower 

fraction of satellites (Fig. 28b1,b2) and a higher fraction of spatters [189]. The removal 
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of satellites is due to powder sieving and friction between particles during 

transportation into the machine. The increased fraction of spatters with reuse is due to 

the formation of oxides. 

 

The evolution of powder after reuse, such as the composition, particle size distribution, 

and flowability, may directly influence the printing quality and corresponding 

mechanical properties. With the increase of oxygen content, oxide layer thickness, and 

spatters, the porosity level was increased. The AlSi10Mg0.4 samples printed using the 

powders for reused 30 months exhibited about 3.0% porosity level (Fig. 28c1) compared 

to that of 0.7% (Fig. 28c2) printed using the virgin powders [191]. An increased porosity 

level was also observed for the L-PBF Al–Mg–Sc–Zr alloy, where the porosity level 

increased from 0.06 ± 0.01% for the samples printed with virgin powders to 0.15 ± 0.01% 

for the samples printed with reused powders [193]. However, the effect of powder reuse 

on the mechanical properties of as-printed samples varies among different research 

studies. For the L-PBF AlSi10Mg0.4, the as-printed samples using the powders reused 

for 30 months exhibit a simultaneously decreased yield strength, ultimate tensile 

strength, and elongation to fracture (Table A. 8) relative to those printed using virgin 

powders, due to the higher fraction of porosity level. In contrast, the L-PBF Al–Mg–

Sc–Zr alloy does not exhibit a significant drop in strength and ductility, as shown in 

Table A. 8. 
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Fig. 29. Powder reuse effect on the powder characteristics and printing quality of 

laser powder bed fusion aluminum alloy. Scanning electron microscopy images of 

(a1) virgin powders and (a2) reused powders for 30 months [189]. The red circles 

represent the bright oxidized particles in the reused powders. Surface morphology of 

(b1) virgin powders and (b2) reused powders for 30 months [189]. (c1) and (c2) show 

the optical microscopy (OM) images of the laser powder bed fusion AlSi10Mg0.4 

samples using the virgin powders and reused powders, respectively [191]. 

4.7 Oxidation and element evaporation 

During the interaction between the laser and powders, oxidation and element 

evaporation are often encountered due to the high temperatures the melt pool 

experiences [195,196]. Oxidation and evaporation play a significant role in the 

processability and mechanical properties of L-PBF Al alloys. Two kinds of oxides, 

namely, larger, micron-sized oxides formed due to oxidized vapor or spatter, and 

smaller, sub-micron oxides originating from the native oxide film, were reported for  L-

PBF AlSi10Mg [197]. The larger particles are generally associated with the pores. This 

is due to the fact that oxides can prevent the consolidation of the molten alloy. Thus, 

oxidation has been considered as a disadvantage, leading to poor processability of Al 

alloys. The oxidation behaviour is dependent on the printing atmosphere and, in turn, 

influences the mechanical properties. A higher atmospheric oxygen leads to a higher 

fraction of oxides and lower ductility for the L-PBF AlCu5MnCdVA alloy [198].  

 

To date, work on the accurate oxygen content as measured by inert gas fusion-infrared 

absorption spectrometry or Instrument Gas Analyzer (IGA) is still limited. Through 

IGA analysis, it is found that the oxygen content of L-PBF Al, Al‒12Si, and AlSi10Mg 

alloys is reduced [195] (Fig. 30). Similar oxygen removal after L-PBF was also reported 

for L-PBF Al [61], in which the oxygen content decreased from 1637 ppm to 1241 ppm 

after L-PBF. This has challenged the notion that in-situ oxidation occurs and 

deteriorates the L-PBF printability of Al alloys. during L-PBF. The oxygen removal is 
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explained by the evaporation of nano-sized solid oxide particles, which consists of the 

fracture and the spallation of surface oxide layer during core melting of Al (Fig. 30b1-

b3), the transfer of nano-sized oxides from the centre of the melt pool to the surface, 

preventing in-situ oxidation via buoyancy force (Fig. 30b4) and thermocapillary force 

(Fig. 30b5), and the evaporation of nano-sized oxides during L-PBF (Fig. 30b6) and the 

subsequent track (Fig. 30b7,b8). The decrease in oxygen content after L-PBF does not 

necessarily rule out the possibility of in-situ oxidation and can be explained by the 

competition of evaporation of oxidation and in-situ oxidation.  

 

Fig. 30. Evolution of oxygen content in the powders and as-printed aluminum 

samples [195]. (a) The oxygen content (mass ppm) of the starting powders as well as 

the laser powder bed fusion pure Al, AlSi12, and AlSi10Mg parts. (b1-b8) The schematic 

graph showing the oxygen removal during the laser powder bed fusion process.  

   

Another issue that needs to be taken into consideration is the element evaporation 

during L-PBF of Al alloys that contain elements with high evaporation pressure, such 

as Zn and Mg [199,200]. Fig. 31a shows the equilibrium vapor pressure of some 

elements at different temperatures [200]. Zn and Mg possess high equilibrium vapor 

pressure and selective evaporation could occur for Al alloys including such elements. 

This has been confirmed for a variety of Al alloys processed with L-PBF, such as the 

Al–Mg–Si and Al–Zn alloys, as shown in Fig. 31b, where the content of Mg/Zn is 

presented for the powders and printed samples.  
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Fig. 31. Equilibrium vapor pressure of metals at different temperatures and 

evaporation of Mg and Zn during laser powder bed fusion aluminum alloys. (a) 

Equilibrium vapor pressure of metals at different temperatures [200]. (b) The 

evaporation of Mg and Zn in the laser powder bed fusion aluminum alloys. The data 

are cited from Ref. [173,195,196,201-203]. 

 

The element evaporation of Mg and Zn can influence the printability and mechanical 

properties of L-PBF Al‒Zn alloys [204]. On the one hand, higher Mg and Zn content 

would lead to a higher crack susceptibility [90]. Thus, the printing parameters favouring 

severe evaporation of Mg and Zn, such as higher laser power and lower scanning speed, 

lead to enhanced processability with fewer cracks [204]. On the other hand, as the major 

strengthening elements in the Al‒Zn alloys [205], a lower concentration of Mg and Zn 

leads to less nano-precipitation strengthening after heat treatment. Hence, there exists 

a contradiction between the evaporation of Mg/Zn and the mechanical properties of the 

alloys. It is important to balance the elimination of cracks and the maintenance of 

strengthening due to the evaporation of Mg and Zn during L-PBF Al–Zn alloys.  

4.8 Advantages and limitations of laser powder bed fusion 

As discussed in Section 2.2, L-PBF technology boasts the advantages of higher 

dimensional accuracy and design freedom, which makes it suitable for fabricating 

geometrically complex parts, such as components with an internal cooling channel. 

However, this method has some limitations. Due to the fast cooling rate and resultant 

steep thermal gradient, the moderate- and high-strength Al alloys tend to form cracks, 
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which has hindered broad application. Though the design of novel L-PBF-specific Al 

alloys can overcome these issues to some extent and has pushed this technology forward, 

there is still some way to go ahead to certify the materials and processes to ensure 

quality, reproductivity, and reliability before they enter the arena for practical industrial 

application [2]. 

5. Fabrication of aluminum and aluminum alloys via other 

technologies 

5.1 Laser powder direct energy deposition of aluminum alloys 

LP-DED exhibits several advantages in terms of higher deposition rate and the 

capability of cladding/coating or repairing [39], yet it suffers from the disadvantages of 

lower forming accuracy and complexity [206,207]. At present, there are numerous 

attempts to fabricate Al alloys via LP-DED, including the Al‒Si [208], Al–Cu [209], 

Al–Mn [210], Al–Mg [211], and Al–Fe–Cr alloys [212].  

 

Heterogeneous microstructure across multiscale, either in the melt pools or along the 

build direction, was reported for the LP-DED Al alloys. Due to the heterogeneous 

solidifications dynamics in the melt pools, LP-DED Al–Si alloy exhibits a 

heterogeneous gradient microstructure in terms of evolution of cellular dendrite in the 

previous layer to the heat-affected zone (HAZ) and finally to the dendritic 

microstructure in the new layer (Fig. 32a) [213]. The evolution of solidification 

morphology is due to the solidification velocity and thermal gradient. The melt pool 

boundary, where the thermal gradient is high and solidification velocity is low, favours 

the formation of columnar dendrites. With the decrease of thermal gradient and increase 

of solidification velocity towards the melt pool center, the cellular dendrite is favoured 

[208]. Apart from the heterogeneous microstructure in the melt pool, a heterogeneous 

microstructure, transiting from cellular to columnar dendrite and finally to equiaxed 

dendrite along the build direction, was also observed [214]. The microstructure 
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evolution was ascribed to the decreased cooling rate along the build direction, resulting 

in coarser secondary dendrite arm spacing and lower hardness towards the top of the 

sample. As for grain orientation, it is closely correlated with the melt pools affected by 

the processing parameters and alloy systems. Both the equiaxed and columnar grains 

with tilt growth angle and no obvious texture for LP-DED Al5083 alloy (Fig. 32b) [211]. 

In contrast, columnar grains growing epitaxially along the build direction with the 

preferred orientation along (100) were observed for LP-DED Al3104 (Fig. 32c) [210]. 

This highlights the important role of processing parameters on texture formation. What 

is more, the elements with high evaporation pressure (Fig. 31a) suffer from evaporation 

during LP-DED due to the high energy input. It is reported that the evaporation of Mg 

elements made the Al5083 alloy evolve into Al5754 [211]. This indicates that the actual 

composition needs to be taken into consideration when LP-DED process of Al alloy 

with high evaporation pressure. 

 

There are various studies investigating the microhardness and tensile properties of LP-

DED Al alloys (Table A. 9). Due to the heterogeneous microstructure associated with 

the varied thermal history, the microhardness shows heterogeneity along the build 

direction. The microhardness decreases from the bottom (~65 HV) to the top side (~53 

HV) due to decreased cooling rate and larger secondary dendrite arm spacing for LP-

DED AlSi10Mg [208]. The hardness is comparable to that of cast counterparts (~67 

MPa) [215]. As for the Al3104 alloy, it exhibits a higher microhardness relative to that 

of DC-cast fabricated counterparts in the investigated conditions, such as the as-built 

state, homogenized states, hot-rolled state, and annealed state (Fig. 32d), indicating that 

LP-DED technology can potentially fabricate the high-performance Al3104 alloy [210]. 

The higher hardness in the as-built state is ascribed to the rapid cooling rate and 

dislocation structure while the retardancy of grain growth in the LP-DED samples 

guarantees higher hardness after heat treatment. The above result indicates the 

processing conditions and Al alloy systems need to be taken into consideration when 

the hardness is benchmarked with cast counterparts.  As for the tensile property, the LP-

DED Al‒12Si and AlSi10Mg alloys exhibit a lower yield strength relative to those of 
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their L-PBF counterparts. The yield strength of LP-DED Al‒12Si is ~122 MPa [216], 

which is similar to that of its cast counterpart (~104 MPa) [126] and lower than that of 

its L-PBF counterparts (~ 235–284 MPa) (Table A. 4). The lower yield strength of LP-

DED sample is due to the lower cooling rate and coarser microstructure relative to those 

of L-PBF. In terms of the Al5754 alloy, the yield strength ranges from 113 MPa to 120 

MPa, slightly higher than that of wrought counterparts (minimum of 80 MPa) [211]. 

Furthermore, it exhibits PLC serrations during the tensile test (Fig. 32e) [211], which 

is ascribed to the interaction between the solute Mg atoms and mobile dislocations 

during the tensile test [102].   

 

Fig. 32. Microstructure and mechanical properties of laser powder direct energy 

deposition aluminum alloys. (a) Representative optical microscopy images of the 

AlSi10Mg specimen in the longitudinal section [213]. Electron backscattered 

diffraction images of (b) Al5083 alloy [211] and (c) Al3104 alloy [210]. (d) Hardness 

evolution of laser powder direct energy deposition and direct-chill casting (DC) 

fabricated Al3104 under different conditions [210]. (e) Tensile property of Al5083 alloy 

[211]. 
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Apart from Al–Si alloy and moderate-strength Al alloy without inoculation treatment, 

the well-known Al‒Mg alloys inoculation treated with Sc and Zr have been studied 

using LP-DED. Due to the different thermal history, the LP-DED Al‒Mg‒Sc‒Zr alloy 

exhibits different microstructure and mechanical properties relative to those of its L-

PBF counterparts [217]. The LP-DED Al‒Mg‒Sc‒Zr alloy contains equiaxed grains 

with an average grain size of 8 μm (Fig. 33a) while the L-PBF Al‒Mg‒Sc‒Zr alloy 

consists of a heterogeneous microstructure containing coarse grains (grain size of 3.8 

μm) and ultrafine grains (grain size of 0.8 μm) (Fig. 33b). Due to the relatively lower 

cooling rate associated with the LP-DED, the primary Al3(Sc,Zr) particles form in both 

the interior and boundaries of the melt pools, triggering the formation of fine equiaxed 

grains. In contrast, the heterogeneous solidification dynamics along the melt pool 

boundary and the interior of the melt pools lead to the formation of a bimodal 

microstructure in L-PBF. The cooling rate at the melt pool boundary is slow enough to 

trigger the precipitation of primary Al3(Sc,Zr) particles. It increases towards the centre 

of the melt pools, leading to the solute trap of Sc and Zr, and the depletion of primary 

Al3(Sc,Zr) particles, which results in epitaxial grain growth and the formation of 

columnar grains. Due to the different microstructure, the L-PBF sample shows a higher 

yield strength (Fig. 33c). To alter the thermal history, Wang et al. [207] further 

fabricated the Al‒Mg‒Sc‒Zr alloy using LP-DED on the air-cooled (AC) and water-

cooled (WC) substrates. The samples fabricated on the AC substrate consisted of fully 

equiaxed grains (Fig. 33d), while those fabricated on the WC substrate consisted of a 

heterogeneous grain structure (Fig. 33e), including fine equiaxed grains at the fusion 

boundary and coarse columnar grains towards the centre of the molten pools. The 

formation of a bimodal grain structure on the WC substrate is due to the fact that the 

cooling rate increases, and the cooling rate is rapid enough to trigger the solute trap of 

Sc and Zr in the interior of the melt pools. Thus, columnar grains form in the centre of 

the melt pools. Due to the solute trap of Sc and Zr in the samples fabricated on the WC 

substrate, the samples provide a more significant strengthening from the secondary 

Al3(Sc,Zr) particles after aging. As a result, the samples fabricated on the WC substrate 

exhibit a higher strength compared with their AC substrate counterparts (Fig. 33f).  



 

69 
 

 

Fig. 33. Microstructure and tensile properties of laser powder direct energy 

deposition Al‒Mg‒Sc‒Zr alloys. Electron backscattered diffraction of the (a) laser 

powder direct energy deposition and (b) laser powder bed fusion Al‒Mg‒Sc‒Zr alloys; 

(c) The tensile property of laser powder direct energy deposition and laser powder bed 

fusion Al‒Mg‒Sc‒Zr alloys [217]. Electron backscattered diffraction of laser powder 

direct energy deposition Al‒Mg‒Sc‒Zr with (d) air cooling (AC) and (e) water cooling 

(WC). (f) The tensile property of laser powder direct energy deposition Al‒Mg‒Sc‒Zr 

alloys with air cooling (AC) and water cooling (WC) [207].  

 

Apart from the Al‒Si and Al–Mg alloys, there have also been a few attempts to fabricate 

high-strength Al alloys, such as Al–Cu [209], Al–Mg–Si [218], and Al–Zn alloys 

[219,220]. Crack-free Al2024 alloy with a relative density of 99.7% can be fabricated 

exhibiting gradient microstructure along the build direction due to the varied thermal 

history and thermal cycling [209]. The LP-DED Al2024 alloy shows a yield strength of 

~170 MPa, which is higher than that of wrought counterparts (< 95 MPa) [209]. 

However, the strength is not competitive with that of L-PBF Ti-modified Al2024 [97], 

which exhibits a significant grain refinement. As for LP-DED Al6061 [218] and Al7075 

[219] alloys, they exhibit cracks due to high hot-crack susceptibility and rapid cooling 

rate. Besides, the evaporation of Mg and Zn caused porosity in the LP-DEDAl7075 
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alloy [220]. Up to now, baseplate preheating to decrease thermal gradient has been 

demonstrated to be an efficient way to heal cracks [218,219].   

5.2 Electron beam powder bed fusion of aluminum alloys 

Since preheating is necessary for EB-PBF to inhibit the smoke and reduce thermal stress, 

EB-PBF has a high potential to fabricate high-strength Al alloys that are susceptible to 

cracking. Moreover, the building chamber under the vacuum state can also prevent 

oxidation, which makes it appealing to process Al alloys. However, investigations into 

fabricating Al alloys using this approach are far rare compared to those fabricated via 

L-PBF [221-227]. Some of the tensile properties of EB-PBF Al alloys are listed in Table 

A. 10. 

 

For the typical AlSi10Mg, it exhibits a totally different microstructure relative to that 

of L-PBF counterparts, which exhibit cellular structures. The EB-PBF AlSi10Mg alloys 

contain AlFeSi phase and Si particles (Fig. 34a) [222]. Furthermore, the as-built alloy 

mainly consisted of equiaxed grains with a grain size of about 40 μm (Fig. 34b) and 

fine sub-grains with sizes ranging from 0.5-2 μm (Fig. 34c). Specific to the mechanical 

property, it is found that the hardness and yield strength is lower for the EB-PBF sample 

relative to that of L-PBF counterparts (Fig. 34d,e). The hardness of EB-PBF AlSi10Mg 

is lower than that fabricated via L-PBF (Fig. 34d). The higher hardness and yield 

strength for the L-PBF AlSi10Mg is ascribed to the supersaturated Si in the matrix and 

residual stress in the samples due to the fast-cooling rate associated with L-PBF. The 

mechanical property of EB-PBF AlSi10Mg can be further tailored via post heat 

treatment. After ST, the hardness of L-PBF AlSi10Mg decreased due to the release of 

residual stress while it increased for the EB-PBF-fabricated AlSi10Mg due to the 

dissolution of Si into the matrix. The hardness and yield strength of EB-PBF alloy can 

be further enhanced after aging due to the precipitation of a few spherical and rod-like 

particles (Fig. 34d). The yield strength of EB-PBF AlSi10Mg increased from about 62.2 

MPa in the as-printed condition to 249.3 MPa upon aging. In particular, the ultimate 



 

71 
 

tensile strength of 136.6 MPa is lower than that of its cast counterparts [58]. 

 

Fig. 34. Microstructure and mechanical property of as-built electron beam powder 

bed fusion AlSi10Mg alloy [222]. (a) Scanning electron microscopy image, (b) and (c) 

Electron backscattered diffraction inverse pole figure (IPF) images at different 

magnifications, (d) hardness, (e) engineering stress–strain curves.  

 

Besides the Al‒Si alloys, there are also pioneering studies on fabricating moderate- and 

high-strength Al alloys, such as the Al–Cu, Al–Mg, and Al–Zn of alloys via EB-PBF. 

Through printing parameter optimization, highly dense Al2024 samples with a relative 

density of 99.7% were fabricated [223]. The EB-PBF Al2024 exhibited a progressively 

decreased average area fraction of Al2Cu from top to bottom along the build direction 

due to the thermal cycling effect [223], which results in a lower yield strength at the 

bottom side. Other than AlSi10Mg and Al–Cu alloys, there have also been some 

printing feasibility studies of medium-strength Al–Mg [227] and high-strength Al–Zn 

alloys [224]. However, systematic investigations have not been conducted, limited by 
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the quality of printed samples, due to the formation of pores and element evaporation. 

These are critical issues that need to be solved in the future.  

5.3 Wire arc additive manufacturing of aluminum alloys 

WAAM boasts the advantage of a high deposition rate, which is attractive for industrial 

applications and has been implemented to process alloys, including steels [228], Ni-

based superalloys [229], and Ti alloys [230]. To date, considerable work has been 

conducted on the WAAM of Al alloys [231]. One essential challenge during WAAM of 

Al alloys is control of the shape and properties, since the inherent high thermal input 

can lead to high residual stress and distortion, and even result in cracks and 

delamination. It has been demonstrated that the heat input [232] and arc mode [233] 

play a critical role in influencing the final forming quality. A lower heat input can 

facilitate the reduction or even the elimination of porosity [232], while the pulsed arc 

mode engenders a lower porosity level relative to that of non-pulsed mode [233]. 

 

The WAAM Al alloys exhibited a heterogeneous microstructure consisting of equiaxed 

grains in the inter-layer zone and columnar grains in the inner-layer zone, such as the 

Al–Zn–Mg–Cu [234], Al–Cu [235,236], Al–Mg [237], and Al6061 [238]. Fig. 35a,b 

show the microstructure of the WAAM 2219Al sample deposited on the water-cooled 

substrate. The alternative distribution of equiaxed grains and columnar grains is visible, 

which is attributed to the heterogeneous distribution of Al3Zr particles due to the 

existence of Zr in the 2219Al wires [236]. The microstructure of as-printed samples can 

be tailored via modifying the chemical composition of the wires [239,240] or by 

changing the printing conditions [241]. Guo et al. [239] have fabricated the 7B55-Sc 

alloy decorated with equiaxed grains instead of band structure[242,243]. The formation 

of equiaxed grains is ascribed to the heterogeneous nucleation of Al triggered by 

Al3(Sc,Zr) particles (Fig. 35c1,c2). Fu et al. [241] have fabricated an Al–Zn–Mg–Cu 

alloy mainly consisting of equiaxed grains via feeding hot wire. The columnar to 

equiaxed grain transition was ascribed to the reduced arc heat input.  
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Table A. 11 lists the tensile properties of WAAM Al alloys. Similar to the microstructure 

evolution, the mechanical properties of WAAM Al alloys are sensitive to the printing 

conditions. Taking the WAAM Al2219 as an example, Wang et al. [235] have reported 

the yield strength and ultimate tensile strength of 95.2 MPa and 224 MPa, respectively, 

when the air-cooled substrate is used (Fig. 35d). However, the yield strength and 

ultimate tensile strength reached 110 MPa and 248 MPa, due to finer grains and smaller 

primary dendrite arm space when the water-cooled substrate is used [236]. For the 

WAAM Al–Zn alloys, an ultimate tensile strength of 618 MPa can be achieved with 

contributions from grain refinement and precipitation hardening (Fig. 35e) [240].  
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Fig. 35. Microstructure and tensile properties of wire-arc additive manufacturing 

aluminum alloys. (a) Optical microscopy and (b) electron backscattered diffraction of 

wire-arc additive manufacturing Al2219 on the water-cooled substrate [236]. Electron 

backscattered diffraction of (c1) AlZnMgCu [242] and (c2) AlZnMgCuSc [239]. (d) 

Mechanical property of wire-arc additive manufacturing AA2219 alloy [235]. (e) wire-

arc additive manufacturing AlZnMgCuSc in the as-deposited and T6 states [240]. 

 

Apart from chemical composition modification, inter-layer deformation has also been 
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adopted to modify the grain structure, such as through inter-layer hammering. The 

columnar to equiaxed (CTE) transition is due to the plastic deformation and subsequent 

intrinsic in situ heat treatment. What is more, inter-layer hammering can eliminate pores. 

Both grain refinement and pore elimination can contribute to enhancing the mechanical 

performance of the alloy. Fang et al. [244] (Fig. 36a) reported that the total volume of 

pores decreased from 0.46 mm3 in the as-deposited states to 0.12 mm3 with inter-layer 

hammering. The WAAM Al–Mg alloy consisted of two regions (Fig. 36b) [245], 

namely the coarse grain region, which is the work hardening region, and the fine grain 

region, which is the recrystallized region. With inter-layer hammering, the yield 

strength is enhanced from 148 MPa to 289 MPa with a 50.8% deformation (Fig. 36c) 

[244]. 

 

Fig. 36. Evolution of microstructure, densification, and tensile property of wire-
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arc additive manufacturing aluminum alloy with inter-layer hammering. (a) 

Electron backscattered diffraction of wire-arc additive manufacturing Al5B06 with 

inter-layer hammering [245]. (b) Pore distribution of wire-arc additive manufacturing 

Al2219 samples without and with hammering [244]. (c) Tensile properties of wire-arc 

additive manufacturing Al2219 alloy without hammering and with inter-layer 

hammering to different deformations [244].  

5.4 Binder jetting of aluminum and aluminum alloys 

Unlike the PBF AM processes, BJ is compatible to process various alloys [22]. 

However, several issues have prevented the broad application of Al alloys for BJ. Firstly, 

safety should be taken into consideration when processing the reactive Al powders with 

BJ [23]. Secondly, the natural oxide layers on the surface of the powders slow down 

mass transport and make the Al powders difficult to sinter [246]. To date, only one 

journal paper has been published on the fabrication of unalloyed Al using BJ [15]. The 

effect of various factors, including binder saturation, roller traverse speed, layer 

thickness, and sintering atmosphere, on the printing quality of BJ Al parts is studied 

[15]. The dependence of different levels of binder saturation (from 15% to 100%) on 

the printing quality of BJ Al indicates that a lower fraction of binder makes the printed 

sample brittle, while a high fraction of binder leads to the excessive spread of the binder 

(Fig. 37a) However, the density of sintered parts is still not high enough, and the overall 

porosity is 50-55% (Fig. 37b). The low densification may be attributed to the formation 

of oxide layers which slows down the mass transport process during sintering.  
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Fig. 37. Morphology and densification of binder jetting printed aluminum parts 

[15]. (a) The binder jetting printed parts with different amounts of binder saturation 

from 15% to 100%. (b) The fraction of closed pores, open pores, geometric density, and 

apparent density of binder jetting printed Al parts after sintering in a vacuum.   

 

ExOne and the Ford Motor Co. have developed a new patent-pending process for 

fabricating Al6061 parts with a final density of 99% and mechanical properties 

comparable to traditional manufacturing [247]. This can unlock the new fabrication 

methods of Al alloys in a faster and more scalable way [26]. 

5.5 Additive friction stir deposition of aluminum alloys 

As aforementioned, hot cracks tend to form during melt-based AM of high-strength Al 

alloys, which belong to the unweldable alloys. To overcome the hot cracks formed in 

the melt-based AM of high-strength Al alloys, AFSD [43,248-250] has been developed 

to process the materials and it has broad applications to fabricate Al alloys. Compared 

with melt-based AM, AFSD technology does not require a harsh fabrication 

environment, such as shielding gas. Some of the tensile properties of AFSD Al alloys 

are listed in Table A. 12. 
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Since the AFSD is mainly targeted for the fabrication of high-strength with pool 

weldability, it has been used adopted to process, AA2214 [249,250], AA5083 [251], 

and Al–Zn [252] alloys. Due to the dynamic recrystallization during AFSD, the 

microstructure in the stir zone is dominated by the equiaxed grains, as reflected by the 

significant reduction of grain size of about 200 μm for the feedstock to 15 ± 4 μm in 

the as-deposited Al6061(Fig. 38a-c) [248]. However, it seems that the rotational speed 

and advancing speed do not significantly influence the grain size of the deposited 

material. The nearly constant grain size was also observed along the whole build from 

the top to the bottom for AA2219 alloy [249] (Fig. 39a), indicating the different thermal 

histories do not significantly influence the grain size though the bottom side experience 

more thermal cycles. The hardness of AFSD AA2219 shows a trend of minor decrease 

from the top to the bottom side, and it is lower than that of feedstock AA2219 alloy 

(AA2219-T851) (Fig. 39a) [249]. The lower hardness is due to the fact that the main 

strengthening precipitates (θ´ precipitates) observed in the feedstock materials are not 

observed in the AFSD AA2219 (Fig. 39b), which is decorated by the coarser θ 

precipitates (Fig. 39c) [249]. The high temperature during the AFSD process dissolves 

the θ´ precipitates, and the slow cooling rate allows for the formation of θ precipitates.  

Similar phenomenon was observed for the AFSD AA6061, where the main 

strengthening β´´ precipitates in the feedstock alloy were replaced by the β precipitates, 

causing a decrease in the hardness [248]. The above findings indicate that though the 

grains are refined after the AFSD process, the dissolution of major strengthening phases 

(θ´ precipitates in the AA2219 and β´´ precipitates in the AA6061) during AFSD leads 

to a lower hardness for the AFSD Al alloys.  
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Fig. 38. 3D-electron backscattered diffraction images of the feedstock materials 

and additive friction stir deposition Al6061 alloy [248]. (a) feedstock materials. (b) 

Additive friction stir deposition Al6061 with slower deposition speed and (c) additive 

friction stir deposition Al6061 with faster deposition speed.  

 

Fig. 39. Microstructure and hardness of additive friction stir deposition AA2219 

alloy [249]. (a) Electron backscattered diffraction and hardness of additive friction stir 

deposition AA2119 and feedstock material. Transmission electron microscopy images 

showing the (b) θ´ precipitates in the feedstock material and (c) θ precipitates in the 

additive friction stir deposition AA2219, respectively.  
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Due to the dissolution of the major strengthening θ´precipitates in the AFSD  AA2219 

alloy, it exhibits a lower yield strength (125 MPa-159 MPa) relative to that of feedstock 

material(350 MPa). Meanwhile, the yield strength decreased from the top to the bottom 

side (Fig. 40a) ascribing to the texture evolution [249]. For the AA7075, the AFSD 

sample exhibits a lower yield strength than that of feedstock material (AA7075-T651) 

due to coarsening of major strengthening phases of η´ and η [253]. However, the heat 

treatment is effective in tailoring the microstructure and mechanical properties of Al 

alloy. Through T6 heat treatment, wrought-like mechanical properties have been 

achieved for AFSD Al7000 (Fig. 40b) [252], indicating the potential applications of 

AFSD to fabricate high-performance Al alloys.  

 

Fig. 40. Tensile property of additive friction stir deposition aluminum alloys. (a) 

Dependence of tensile properties on the layers [249]. (b) Tensile properties of wrought 

Al7075 alloy under T6 heat treatment condition, laser powder bed fusion Al7075 under 

T6 heat treatment condition, and additive friction stir deposition Al7075 under T6 heat 

treatment condition [252].  

5.6 Advantages and limitations of other technologies 

Based on Section 2.2, LP-DED technology shows the merits of a high deposition rate, 

the construction of large components, eligibility to do repairing, and fabrication of 

functionally graded materials. However, it also shows the drawbacks of low 

dimensional accuracy and higher surface roughness. Specific to Al alloys, it also shows 
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the following limitations. (i) the results hitherto indicate that the strength of Al alloys 

fabricated via LP-DED is lower than that of L-PBF, as supported by the AlSi12, 

AlSi10Mg, AlMnSc, and AlMgScZr alloy (Fig. 41), making it less attractive when high 

mechanical performance is needed; (ii) the poor flowability of Al powders arising from 

the low density can affect the stability of the powder flow rate, degrading the quality of 

printed samples [254]; and (iii) the high moisture content of Al powders can also 

influence the quality of deposited samples [12]. 

 

Fig. 41 Plot of yield strength of aluminum alloys fabricated via laser powder bed 

fusion, laser powder direct energy deposition, and electron beam powder bed 

fusion. The data used to plot the figure is based on the data from Table A. 4, 5, 9, and 

10. 

 

EB-PBF has been broadly adopted to fabricate Ti alloys and Ni-based superalloys. 

When the Al alloys are referred to, the vacuum environment during EB-PBF could 

minimize the oxidation issue. However, the adoption of Al alloys for EB-PBF is still 
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scarce relative to that of Ti6Al4V. The possible reasons may be associated with the 

elemental evaporation and formation of defects, such as cracks and porosity. Finally, 

the uncompetitive mechanical properties could be another reason accounting for the 

lack of research interest (Fig. 41).  

 

WAAM shows the advantages of a higher deposition rate and higher material usage, 

reducing the fabrication cost. It has been adopted to process various Al alloys, and some 

of the alloys exhibit high strength. However, investigations of properties beyond tensile 

property are needed to pave the way for industrial application [240]. 

 

As a solid-state AM process without involving the solidification process, BJ can 

virtually print almost any powders with a high fabrication rate. However, the safety 

issues and less efficient sintering associated with the surface oxide layers during the BJ 

of Al alloy powders need to be tackled before it is broadly implemented for AM. 

 

AFSD technology could render a higher deposition rate compared with that of L-PBF, 

EB-PBF, and LP-DED. Furthermore, there is ample room to control the macrostructure 

(such as shape), mesostructure, and microstructure of AFSD samples. The solid-state 

AM can also naturally overcome the crack issues of Al alloys associated with fusion-

based AM technologies. Thus, it is foreseen that the AFSD can play a more important 

role in fabricating Al alloys in the future. However, it also shows some disadvantages 

as discussed in Section 2.2, such as the need for special clamps and customized fixtures 

are needed when complex-shaped components are printed, the limited minimum feature 

size, and the need for post-processing.  

6. Additive manufacturing of aluminum matrix composites 

AMCs exhibit a series of advantages, such as high specific strength, stiffness, high 

resistance to corrosion, and excellent high-temperature mechanical properties [255]. 

The conventional fabrication route for AMC includes the solid-state process 
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(consolidation, diffusion bonding, and vapor deposition) and liquid-state process (stir 

casting, compo casting, infiltration, spray casting, and in situ processing). However, 

these methods have limitations in terms of fabricating complex-shaped components. 

Leveraging the fabrication of AMCs could broaden the industrial applications of AM.  

 

Up to now, L-PBF, LP-DED, EB-PBF, WAAM, and AFSD have been used to fabricate 

the AMCs, with L-PBF being the most widely used. To distinguish the functionalized 

powders used to improve printability, such as the additives Ti, Sc, Nb, and Zr, here the 

reinforcement particles are limited to ceramic particles. Section 6.1 describes the 

commonly adopted ceramic particles. The microstructure and mechanical properties of 

AM AMCs are described in Section 6.2. Finally, the advantages and limitations of each 

technology in fabricating in AMC are given in Section 6.3. 

6.1 Aluminum matrix and reinforcement particles 

The common reinforcement particles used for fabricating AMC include the TiB2, TiC, 

TiB2 + TiC, Al4SiC4 + SiC, carbon, LaB6, Al–Ti–C–B master alloy, SiC, ZrO2 + Si, 

carbon nanotubes (CNT), TiN and TiO2. Fig. 42 shows a compilation of AMCs 

fabricated via L-PBF, LP-DED, EB-PBF, WAAM, and AFSD. It can be seen that the 

Al–Si and Al–Cu alloys are the most investigated Al matrix for AMCs. 

 

Fig. 42. Compilation of laser powder bed fusion and laser powder direct energy 

deposition aluminum matrix composites. The data are cited from [256-274]. 
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6.2 Microstructure and mechanical properties 

Four sections are divided to discuss the microstructure and mechanical properties of 

AMCs fabricated via L-PBF, LP-DED/EB-PBF, WAAM, and AFSD, respectively. 

Some of the tensile properties of AMCs fabricated using various AM methods are listed 

in Table A. 13. 

 

6.2.1 Laser powder bed fusion 

Up to now, the introduction of reinforcement particles for L-PBF AMCs has been 

achieved via two routes. The first and the most frequently used is through powder 

blending, such as ball milling [275] and mechanical mixing [269], while the other is 

through introducing the reinforcement particles into the Al alloy to get the master alloy, 

followed by fabricating the AMC powders [276]. For the powder blending method, it 

is convenient to design alloys with novel compositions without isolated atomization for 

each composition. However, the quality of as-fabricated samples relies on several 

factors: (1) the uniform distribution of reinforcement particles into the Al matrix 

powders, which can be influenced by the blending time and blending media; and (2) 

the size of the reinforcement particles. During the L-PBF process, the reinforcement 

particles undergo dissolution into the Al matrix. Thus, particles with a high surface-to-

volume ratio can be dissolved into the Al melt more readily. However, the nano-sized 

reinforcement particles with a high surface-to-volume ratio may agglomerate, affecting 

the printing quality [277]. Thus, leveraging the size of the reinforcement particles is 

critical to achieving high quality.  

 

As the present dominant technology in fabricating AMCs, L-PBF provides advantages 

in the uniform dispersion of reinforcement particles into the Al matrix due to the 

turbulent melt pool with high fluid velocities (> 1 m/s) induced by the Marangoni 

effects and recoil pressure [278]. Depending on the specified reinforcement particles 

that have been added and the Al matrix, the following effects are achieved: (1) inducing 

grain refinement. These kinds of ceramic particles include TiB2 [257], TiN [273], TiC 
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[261], and LaB6 [267], particles. The results indicate that the addition of TiB2 can refine 

the grains for the Al‒12Si [257] (Fig. 43a1,a2), AlSi10Mg [276], and Al–Cu alloys [279], 

ascribing to the lower interatomic misfit between the α-Al matrix and TiB2, leading to 

a reduction of critical nucleation undercooling ΔTc. However, the columnar to equiaxed 

grain transition with the addition of TiB2 ceramic particles is not universal. Cheng et al. 

[264] and Wang et al. [280] found that the addition of TiB2 did not trigger grain 

refinement for L-PBF AlSi10Mg and Al2024 alloys, respectively. Apart from the 

addition of a single kind of ceramic, the coupling addition of TiB2 and TiC particles 

also leads to grain refinement (Fig. 43b1,b2) [264]. As aforementioned, grain refinement 

can heal crack formation in alloys tending to form cracks during L-PBF, which has been 

verified for the TiC-modified Al7075 alloy [262], TiB2-modified Al–Cu alloys [279], 

and TiN-modified Al–Zn alloys [273]. (2) Introducing the chemical reaction. It has been 

reported that the Al2O3 particles are formed via the addition of ZnO for the L-PBF 

AlSi10Mg alloy [281]. The in-situ formed Al2O3 particles did not refine the grains (Fig. 

43c1, c2). 

 

With the grain refinement, higher yield strength is achieved due to the grain boundary 

strengthening, which has been verified for the TiB2-modified AlSi10Mg alloy [279,280, 

282] (Fig. 43d1) and the TiC/TiH2-modified Al2024 alloy (Fig. 43d2) [283]. Apart from 

the grain boundary strengthening, the yield strength of L-PBF SiC-modified AlSi10Mg 

alloy is enhanced to ~362–407 MPa depending on the adopted processing parameters 

due to the enhanced dislocation motion resistance caused by the SiC particles [269].  
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Fig. 43. Microstructure and mechanical properties of laser powder bed fusion 

aluminum matrix composites. (a1,a2) Electron backscattered diffraction of laser 

powder bed fusion Al‒12Si alloy and Al‒12Si + 2 wt.% TiB2, respectively [257]. (b1,b2) 

Electron backscattered diffraction of laser powder bed fusion AlSi10Mg and AlSi10Mg 

+ 1.5wt.% TiB2 + 1.5wt. % TiC alloys [264]. (c1,c2) Electron backscattered diffraction 

of laser powder bed fusion AlSi10Mg and AlSi10Mg + 1% ZnO alloys [281]. (d1) 

Tensile property of laser powder bed fusion AlSi10Mg alloy with different amounts of 

TiB2 [282]. (d2) Tensile property of laser powder bed fusion Al2024 and Al2024 with 

TiC–TiH2 under as-built and T6 heat treated conditions [283]. 

 

With the growing research interest from industry, some of the developed AMCs have 

been commercialized and gone into the market, including the A1000-RAM10 [284], 

A2024-RAM2 [285], A2024-RAM10 [286], A6061-RAM2 [287], Al7050-RAM2 

[288], and Al7075-RAM2 [289] alloys developed by Elementum 3D. Here, the 
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RAM2/RAM10 indicates that 2 wt.% or 10 wt.% ceramic particles are incorporated. 

Some of the as-developed AMCs exhibit a higher elevated temperature tensile property 

(Table A. 6 and Fig. 32).    

 

6.2.2 Laser powder direct energy deposition and electron beam powder bed fusion 

LP-DED and EB-PBF technologies are also applied to fabricate the AMCs [270,290]. 

The effect of reinforced ceramic particles depends on the detailed adopted ceramic 

particles, matrix, and fraction of ceramic particles. Fig. 44a,b show the EBSD images 

of the LP-DED fabricated Al2024 alloy and TiB2-modified Al2024 alloy, respectively, 

signifying the grain refinement with TiB2, which serves as a heterogeneous nucleation 

agent [258]. With the grain refinement, the LP-DED TiB2-Al2024 exhibits a higher 

yield strength than that of its Al2024 counterparts (Fig. 44c) [291]. For the EB-PBF 

TiB2˗reinforced AlCuMgFeNi alloy [290], the sample presents an equiaxed grain 

structure with an average grain size of 8.56 μm containing TiB2 and Cu–Fe–Ni-rich 

particles (Fig. 44d). The grain refinement is due to the activation of TiB2 serving as 

heterogeneous nuclei. After T6 heat treatment, the Cu–Fe–Ni-rich particles and TiB2 

particles were observed with a marginal grain growth to 9.84 μm arising from excellent 

thermal resistance of TiB2 and intermetallic particles (Fig. 44e). After T6 heat treatment, 

the yield strength is enhanced from ~133 MPa to ~201 MPa (Fig. 44f).  
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Fig. 44. Microstructure and mechanical properties of laser powder direct energy 

deposition and electron beam powder bed fusion aluminum matrix composites. 

Electron backscattered diffraction images of laser powder direct energy deposition (a) 

Al2024 [258]; (b) Al2024 + 0.5 wt.% TiB2 [258]. (c) Tensile properties of laser powder 

bed fusion and laser powder direct energy deposition Al2024 and Al2024 + 3 wt.% TiB2 

[291]. Scanning electron microscopy of electron beam powder bed fusion TiB2-

reinforced AlCuMgFeNi alloy in the (d) as-built and (e) T6 conditions [290]. (f) Stress-

strain curves of the as-built and T6 heat-treated TiB2-reinforced AlCuMgFeNi alloy 

[290].  

 

6.2.3 Wire-arc additive manufacturing 

Until now, WAAM technology has been implemented to tailor the microstructure or 

mechanical properties of alloys by adding ceramic particles [243,292]. The 

microstructure and mechanical properties of ceramic particle-reinforced Al matrix are 

sensitive to the composition, size, and fraction of the ceramic particles. Fig. 45a,b show 

the microstructure of the WAAM Al–Zn–Mg–Cu and TiN-modified Al–Zn–Mg–Cu 

alloys [243]. The grains were refined from 459.3μm to 104.6μm, which is ascribed to 

the formation of Al3Ti particles serving as the nucleation agent. With grain refinement, 
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the tensile strength in both horizontal and vertical directions increased. In the horizontal 

direction, the tensile strength increased from 207 MPa to 284 MPa. TiC has also been 

shown to refine the WAAM Al alloys, including Al2219. With the addition of 1.5 wt% 

TiC, the grain size of WAAM Al2219 decreased from 101 μm to ~20 μm (Fig. 45c,d) 

[292]. However, the appropriate fraction of ceramic particles and printing parameters 

are vital for achieving high performance for WAAM AMCs. For the TiC-modified 

Al5183 alloy [293], the grains were significantly refined and the hardness increased, 

yet the tensile property became worse due to the extensive formation of pores.  

 

Fig. 45. Microstructure of wire-arc additive manufacturing aluminum matrix 

composites. Electron backscattered diffraction images of (a) AlZnMgCu and (b) TiN-

modified AlZnMgCu [243]. (c) Al2219 and (d) TiC-modified Al2219 [292]. 

 

6.2.4 Additive friction stir deposition 
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Recently, AFSD technology has also been implemented to fabricate AMCs 

[20,294,295]. However, work in this area remains limited. The feedstock materials can 

be taken in the following three forms: (i) a pre-alloyed metal matrix rod containing the 

desired ceramic or oxide particles; (ii) Al alloys and the reinforcement particles; or (iii) 

both the Al alloys and the reinforcements in powder forms, which are supplied using 

multiple hollows (Fig. 46a) [20]. Griffiths et al. [20] have demonstrated the feasibility 

of fabricating Al–20 vol. % SiC composites based on starting Al powders and SiC 

powders. The SEM image of AFSD Al–20 vol.% SiC (Fig. 46b) shows the uniform 

distribution of SiC in the Al matrix. The X-ray micro-tomography result (Fig. 46c) 

shows no obvious evidence of porosity.  

 

Fig. 46. Microstructure and densification of additive friction stir deposition 

aluminum matrix composites [20]. (a) Schematic graph of additive friction stir 

deposition process to fabricate the metal matrix composite based on the matrix and 

reinforcement powders. (b) Optical image and (c) X-ray tomography of additive friction 

stir deposition Al–20 Vol. % SiC composite.  

6.3 Advantages and limitations  

As discussed previously, the L-PBF technology shows the advantages of uniform 

dispersion of reinforcement particles into the matrix assisted by the Marangoni effects 

and the recoil pressure. However, it also shows some limitations. Firstly, poor 

wettability between the reinforcement particles and the Al matrix normally leads to 

weak interfacial bonding, leading to the formation of defects [296]. Xie et al. [296] have 
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found that increasing the laser power could enhance the wettability between the SiCp 

and Al, contributing to the improvement of densification. Secondly, the chemical 

reaction between the reinforcement particles with the matrix may cause the loss of 

reinforcement particles [297]. Liao et al. [297] have found that the loss of Al2O3 can be 

attributed to the chemical reaction between Al and Al2O3, resulting in the formation of 

gaseous Al2O. 

 

As to the AFSD technology, it could circumvent the cracking issues associated with 

fusion-based AM technologies and guarantee the uniform distribution of reinforcement 

particles. However, it has poor resolution due to the large size of the tools used. 

Furthermore, the volume fraction of the reinforcement particles is limited since 

increasing the volume fraction of the particles would lead to a reduction in flowability 

[20]. 

7. Products and applications of additive manufacturing aluminum 

alloys 

Compared to traditional subtractive manufacturing technologies, AM can afford the 

advantages of designing complex-shaped components and reducing waste as well as a 

short leading time, and it has drawn significant attention in the high-profile aerospace 

industry [2]. Furthermore, AM has the advantage of designing lightweight structures 

and part consolidation, which can reduce the joining processes and the resultant cost. 

With rapid development, there is a range of commercialized Al alloy powders, including 

the Al [63,298], Al‒Si alloys (Al‒12Si [299], AlSi10Mg [300], A357 [300], AlSi9Cu3 

[301], Al–Cu [170,285,286,302], Al–Mg [303], Al–Mg–Si [287,304], and Al–Zn 

[104,288,289] powders. the yield strength of L-PBF Al alloys is plotted in Fig. 47. The 

detailed properties and target applications for the L-PBF samples based on the listed 

powders are shown in Table A. 14. It is the L-PBF commercialized Al alloys show broad 

applications in the aerospace industry. 
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Fig. 47. Yield strength of laser powder bed fusion commercialized aluminum alloys. 

The data are cited from Ref. [63,104,170,285-289,300-304]. 

 

Due to the development of novel AM-specific Al powders and the associated 

advantages, such as high functionality and production efficiency, the additive 

manufacturing-fabricated Al alloys show potential applications in various fields, 

including the aerospace and automobile sectors. Up to now, the fabrication of Al alloys 

for industrial applications has mainly relied on L-PBF, and the fabrication of Al alloys 

via LP-DED, WAAM, and BJ has been limited [305]. To the best of the author’s 

knowledge, there is no report on the products of EB-PBF and AFSD Al alloys for 

practical applications. Thus, this section emphasizes L-PBF with a brief review of LP-

DED, WAAM, and BJ fabricated Al products. According to their applications in 

different areas, such as aerospace & space and automotive, some of the products are 

presented in Fig. 48. Fig. 48a shows the bionic partition manufactured by APWorks 

using the Scalmalloy[306]. This leads to a 45% weight reduction due to the design 

optimization and the use of Scalmalloy, which could contribute to fuel savings and 

reduction of CO2 emission. Fig. 48b shows an additively manufactured topologically 

optimized antenna bracket for Sentinel satellites using EOS AlSi10Mg powders [307]. 
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The weight of the L-PBF bracket is 940 g compared to 1.6 kg for the conventionally 

fabricated counterparts. Fig. 48c presents WAAM Al panels that can be used for 

building airplane fuselages [308]. Fig. 48d shows the Al spare parts, a thermostat cover 

for trucks and Unimog models from older model series fabricated via L-PBF 

technology by Mercedes Benz Trucks [309]. Fig. 48e shows the serially manufactured 

parts for the BMW i8 [310], which could reduce the weight and autonomy in electric 

or hybrid vehicles. Fig. 48f shows the BJ Al6061 engine block with high resolution and 

geometric control [26]. Fig. 48g shows an L-PBF electric motorcycle frame printed by 

APWORKS using the Scalmalloy [14]. Fig. 48h shows L-PBF skate blades using 

AlMgSc by Farsoon Technologies. The 3D-printed skate blades exhibit better flexibility 

due to weight reduction, offering smoother and better ice grip at cornering and sharp 

turns [311]. Fig. 48i shows an L-PBF fabricated Al6061–RAM2 heat sink that has been 

blasted using a glass bead [287]. Fig. 48j shows a piston head fabricated using high-

strength and ductile A2024–RAM2 [285]. Fig. 48k shows an LP-DED Al alloy block 

with a relative density higher than 99% [312]. The above successful adoptions of AM 

Al alloys for industrial applications indicate that AM holds great potential for future 

applications. 
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Fig. 48. Products of additive manufacturing aluminum alloys. (a) A Scalmalloy 

bionic aircraft partition printed by APWORKS, Airbus Group, Ottobrunn [306]. (b) The 

topologically optimized antenna bracket for sentinel satellites with EOS Aluminum 

AlSi10Mg using additive manufacturing [307]. (c) Wire-arc additive manufacturing Al 

fuselage panel [308]. (d) Laser powder bed fusion Al spare parts by Mercedes Benz 

Trucks [309]. (e) Serially manufactured parts for the BMW i8 [310]. (f) Binder jetting 

Al6061 engine block [26]. (g) An electric motorcycles frame, also printed by 

APWORKS using its Scalmalloy alloy [14]. (h) Skate blades fabricated with AlMgSc 

via laser powder bed fusion [311]. (i) Laser powder bed fusion heat sink using A6061–

RAM2. The component is blasted using a glass bead [287]. (j) Laser powder bed fusion 
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piston head using A2024–RAM2 [285]. (k) Laser powder direct energy deposition Al 

block with high density [312].  

 

Another obvious advantage of L-PBF technology is the design of a lattice structure, 

which could fabricate a cellular structure with designed geometry [313]. It has been 

proven that a porous structure with a repeated geometry of octet-truss unit cells exhibits 

a significant enhancement in nucleate boiling heat transfer due to increased surface area 

for L-PBF AlSi10Mg [314]. Furthermore, Broughton et al. [315] have shown that L-

PBF AlSi10Mg alloys with a cellular structure can show an approximately 60% 

enhancement of effective heat transfer coefficient compared with those of metal foams 

with stochastic porous structures. These results indicate that L-PBF Al alloys with 

cellular structures can have potential applications as heat exchangers.  

8. Conclusions 

The current state of the art in the additive manufacturing of Al alloys was reviewed, 

focusing on processing with different additive manufacturing technologies, including 

laser powder bed fusion and electron beam powder bed fusion, laser powder direct 

energy deposition, wire-arc additive manufacturing, and additive friction stir deposition. 

The classifications of additive manufacturing technologies and Al alloys were listed. 

Then, the “processing-microstructure-mechanical property” relationship of the 

fabricated Al alloys was introduced. The conclusions of the review can be drawn as 

follows: 

(1) Melt-based and solid-state-based additive manufacturing have been adopted to 

fabricate Al and Al alloys. Among melt-based additive manufacturing, laser powder bed 

fusion takes the largest portion, and Al‒Si alloys are the most investigated alloy systems 

for additive manufacturing.  

(2) Laser powder bed fusion Al‒Si alloys exhibit coarse columnar grains along the build 

direction and a heterogeneous structure containing cells with a boundary rich in Si. The 

microstructure and mechanical properties of laser powder bed fusion Al‒Si alloys are 
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tuneable by tailoring the orienting parameters. laser powder bed fusion Al‒Si alloys 

exhibit a higher yield strength relative to that of cast counterparts due to the 

microstructure refinement arising from the rapid cooling process. 

(3) It remains challenging to print highly dense and crack-free high-strength Al alloys 

with laser powder bed fusion, such as Al–Cu, Al–Mg–Si, and Al–Zn alloys, due to the 

formation of cracks. The functionalization with micron- or nano-powders, such as Ti, 

Zr, Sc, and Ta, has been adopted to improve the printing ability. The crack healing is 

ascribed to the formation of the Al3X (X = Ti, Zr, Sc, and Ta) phase coherent with the 

Al matrix, which refines the grains to prevent crack propagation. With grain refinement, 

laser powder bed fusion high-strength Al alloys exhibit higher yield strengths relative 

to those of conventionally fabricated Al counterparts. 

(4) The microstructure and mechanical properties of laser powder bed fusion Al alloys 

are tuneable via post heat treatment. Due to the special microstructure, the heat 

treatment profiles need to be redesigned to achieve the desired microstructure and high 

performance. 

(5) The fabrication of Al alloys using other additive manufacturing technologies is rare 

compared with those using laser powder bed fusion:  

(i) Electron beam powder bed fusion has the advantage of fabricating Al alloys since it 

can rule out the possibility of oxidation, and it has been adopted to fabricate AlSi10Mg, 

Al–Cu, and Al–Zn alloys. The EB-PBF fabricated AlSi10Mg alloy exhibited superior 

ductility and could exhibit precipitation hardening after heat treatment.  

(ii) The AlSi10Mg alloy and Scalmalloy have been fabricated via laser powder direct 

energy deposition technology. The laser powder direct energy deposition AlSi10Mg 

exhibited a heterogeneous microstructure along the build direction due to the varied 

thermal history, while the laser powder direct energy deposition Scalmalloyexhibited 

bimodal grain size distribution containing coarse and fine grains. 

(iii) Wire-arc additive manufacturing has been implemented to fabricate Al alloy with 

a heterogeneous microstructure. The microstructure of as-built Al alloy is sensitive to 

the composition and printing conditions.  

(iv) Solid-state additive friction stir deposition technology could potentially fabricate 



 

97 
 

high-strength Al–Cu and Al–Mg–Si alloys, which tend to form cracks when processed 

via melt-based additive manufacturing. The grain structure and precipitation behaviour 

of additive friction stir deposition Al alloys are sensitive to the processing parameters. 

The tensile properties of additive friction stir deposition fabricated Al7075 are 

comparable to those of wrought counterparts.  

(6) Additive manufacturing technologies could fabricate the Al alloy matrix composite 

via an in-situ method. Introduced ceramics can achieve either grain refinement to heal 

cracks or provide a strengthening source. 

9. Outlook 

With the more important role that AM technologies are playing in industry, the adoption 

of AM for Al alloys is increasing, and AM is transiting from prototyping to a higher 

batch production technology. However, additional scientific and technological research 

needs to overcome the challenges to broaden the applications of AM for Al alloys and 

we propose the following points deserving further investigation, which are listed in Fig. 

49. The outline mainly includes the novel processing methods, novel alloys, novel 

structure, and understanding of the process–microstructure–property relationship. 

Detailed perspectives are given below: 
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Fig. 49. Outline of development perspectives for the additive manufacturing of 

aluminum alloys, including novel processing methods, novel alloys, novel structure, 

and process-microstructure-property relationship. (a) The schematic graph of 

hybrid manufacturing [316]. (b) developing novel alloys with Ref. [10]. (c) Crystal-

inspired cellular structure [317]. (d) Single unit cell for cellular structure [318]. (e) 

Powders for laser powder bed fusion [102]. (f) Image of laser powder direct energy 

deposition process [319]. (g) Electron backscattered diffraction of laser powder bed 

fusion Ti-modified Al2024 [96].  

9.1 Novel processing methods 

As discussed, the main AM technologies for fabricating Al alloys rely on the L-PBF 

technology, while LP-DED, EB-PBF, BJ, WAAM, and AFSD technologies are 

relatively less common. Recently, hybrid AM technologies, taking advantage of each 

technology, have been adopted to process Al alloys to achieve balanced properties, such 

as surface roughness, forming accuracy, and size [316]. L-PBF/LP-DED hybrid AM 

technologies can fabricate samples using L-PBF where surface roughness/complex 
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geometry is needed and using LP-DED where simple geometry is needed [316]. Apart 

from hybrid AM technologies, multi-laser is an effective way to enhance the fabrication 

efficiency for L-PBF [320]. Furthermore, stirring fields [321,322], such as static 

magnetic fields and ultrasonic fields, are used to affect the solidification process and 

tailor the microstructure.  

9.2 Novel alloy development 

Due to the special characteristics associated with AM, such as the rapid heating/cooling 

rate during L-PBF, the preheating and vacuum during EB-PBF, and the higher 

deposition rate during LP-DED, it is necessary to develop AM-specific Al alloys. This 

is achieved through either enhancing the printability (readily printed Al alloys) or 

pursuing high performance. Improving printability can be achieved through alloy 

design that enables the reduction of a fraction of porosity or cracks. High mechanical 

performance design can be achieved by incorporating various strengthening 

mechanisms (grain boundary strengthening, dislocation strengthening, and 

precipitation strengthening), or deformation mechanisms.   

 

Another aspect of novel alloy development is targeted for elevated temperature 

applications. At present, pioneering initial work is being undertaken on the L-PBF of 

high-temperature Al alloys, while the exploration of thermal-resistant Al alloys via 

other AM technologies still needs to be explored further. 

9.3 Novel structure 

The design freedom afforded by AM can provide an opportunity to fabricate novel 

structures, such as bio-inspired and crystal-like structures. This provides a tremendous 

opportunity to design lightweight structures, that have extensive applications in the 

aerospace industry. 

 

Moreover, the advantages of powder-blown LP-DED can be taken into account to 
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fabricate the multi-materials [323] or functionally graded materials [324], which enable 

the development of alloys with tailored properties to meet special application demands 

[325]. It would be beneficial to develop multi-materials or functionally graded materials 

containing Al to broaden their application. 

9.4 Feedstock–process–microstructure–property relationship 

As the starting materials, the quality of feedstock materials plays a significant role in 

influencing the printing quality as well as the microstructure and properties of the 

output product. Subsequently, the microstructure and mechanical properties are 

influenced by the printing parameters and post-heat treatment profiles. Taking the L-

PBF process as an example, the feedstock powders and coupons as well as components 

are connected via manufacturing (Fig. 50). Each step is critical for ensuring high-

quality printing and high mechanical performance. The detailed perspectives of each 

step are described in turn in detail below. 

 

Fig. 50. A schematic graph showing the relationship among “powders–

manufacturing–coupons and components”.  

 

(1) Quality and cost of feedstock  

The high cost of powders limits the broad application of AM to fabricate Al alloys [326]. 
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Thus, reducing the cost of powders would enable the broadening of industrial 

applications of AM. A reduction of the cost of powder could be achieved through 

powder recycling, improved fabrication methods, or cost-effective raw materials. 

However, all of these methods need to be built on the basis that the quality of powders 

is not compromised, and competitive mechanical performance can be achieved.  

 

(2) Broadening the processing map to enhance performance 

At present, there remains processing space for enhancing the mechanical properties 

since the processing map is not broad enough. Taking the L-PBF of Al‒Si alloys as an 

example, the strength reported hitherto is limited. The uncompetitive mechanical 

strength is partially due to a lack of strengthening mechanisms, and due to the fact that 

the processing map is not broad enough to induce novel microstructure and high 

mechanical performance. Given that a number of factors could influence the 

microstructure and mechanical performance of printed parts, such as the laser 

characteristics [327], powder quality, printing parameters (laser power, scanning speed, 

layer thickness, hatch spacing, baseplate preheating, et al.) [328] as well as strategy, 

and post heat treatment, recently emergent machine learning coupled with high 

throughput experiments can be adopted to identify the optimized parameters 

engendering the desired mechanical performance [329]. This machine learning-assisted 

printing parameter development sheds light on developing AM-specific Al alloys and 

exploring the relevant printing parameters.  

 

(3) Post-treatment study for AM-specific Al alloys 

Due to the novel microstructure associated with the processing route (rapid cooling rate 

and thermal recycling) [330] and composition modification, it is necessary to develop 

novel heat treatment profiles instead of conventional heat treatment to trigger enhanced 

performance. Until now, systematic heat treatment studies have been conducted for L-

PBF Al–Si alloys, while such research is limited for Al–Cu, Al–Mg, Al–Mn, Al–Mg–

Si, and Al–Zn alloys to trigger high performance. Apart from heat treatment, surface 

enhancement and the introduction of the pre-strain are also promising ways to extend 
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the application of AM parts [331]. 

(4) Systematic study on the properties of additive manufacturing aluminum alloys 

Based on the present understanding, the hot cracking issues encountered during L-PBF 

of moderate- and high-strength Al alloys, such as Al–Cu, Al–Mg, Al–Mn, Al–Mg–Si, 

and Al–Zn alloys, can be healed via inoculation treatment, such as the introduction of 

Zr, Sc, and Ti. However, more properties of compositionally modified Al alloys targeted 

for application, need to be characterized, including the mechanical properties beyond 

the quasi-static tensile property (such as creep, fatigue, and fracture toughness tests) as 

well as the functional properties (corrosion and wear properties). The relevant studies 

in this area are still limited but are necessary to guarantee safe application.   

 

Apart from the mechanical and corrosion properties, investigations into the functional 

properties, such as thermal conductivity, electric conductivity, and thermal expansion, 

are rare. Recently, Pauzon et al. [332] have reported an Al–Fe–Zr alloy fabricated via 

L-PBF with a superior strength-conductivity trade-off. Developing such alloys could 

have potential heat exchanger applications. 

 

Finally, since AM technology includes a complex chain, including the powder 

manufacturer, the machine supplier, and the end-users, it would be beneficial if more 

collaborations are built among the various actors. With detailed demands from the end-

users, AM researchers could have the clear goal to develop specific structures or 

properties catering to specific practical applications. 
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